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ABSTRACT 
The aim of this work has been to study the reaction of recoil 
tritium atoms with hydrogen and its isotopic variations [T + HZ' 
T + DZ' T + HZ- DZ (Ill mixture) and T + ~J both theoretically and 
experimentally. 
The theoretical part includes the modification of a simple 
(hard-sphere energy transfer) model of hot atom reactions and uses 
the modified version to calculate the reaction cross sections of the 
various hydrogen isotope systems and the dissociation cross sections 
of the excited products (HT and DT) in various inert gas moderators 
(He, Ne, Ar, Kr and Xe). The modified model has also been used to 
calculate the cross sections of hot reactions between recoil tritium 
atoms and the various scavengers used in this work (OZ' BrZ' rCl). 
The excitation functions produced by the hard-sphere model are compared 
with more sophisticated calculations and found to be in good agreement 
with them. 
The experimental part of this work includes an investigation 
of "wall HT" as well as the damage caused by the ampoule sealing 
process. rt also includes a comprehensive study of a variety of 
P?tential scavengers (OZ' Br2and rCl), and the results are analysed 
in the light of "the corrected kinetic theory for scavenger effects". 
An efficient scavenger (rCl) has been chosen for use in moderation 
studies of the hydrogen systems in which helium, argon and krypton 
are used as moderators. The experimental results are analysed by 
:. .... ;;. ".- '., • ,.. '. . ..... ,.".,.1,;.., • , 
means of the Estrup-Wolf@\atig. kinetic-theo.Y;Y.,,·. the deviations from which 
are discussed in the lig~t;~;:6b~~'~~~ram~J:~rs 
~,".:z;,. •. ~ -_" ", ""'a ". - ••. :'~" l 
and their energy 
~ ... ' , . 
dependence on the one hand, "and-the ·-colli·sional dissocation of excited 
products On the other. -'.~. . 
. ~! .; 
"' .. l ;i 
(ii) 
Finally, a simple computer-based mathematical model is 
described and used in simulating the hot reactions of the hydrogen 
systems. The theoretical product yields and isotopic effects are 
compared with their experimental counterparts. 
(Ui) 
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CHAPTER I 
INTRODUCTION 
A. HOT ATOM CHEMISTRY is the study of reactions of atoms of high trans-
lational energy(l). The range of such energy is above that of thermal 
energies, and typically extends from ",0. 5 ev upwards. However, the 
chemically interesting region, the hot region. lies between 0.5 and 100 
ev(2) where the atom may actually combine with other species to fotID 
products. At still higher energies the most common interaction of a hot 
atom is ionisation and/or fragmentation of any molecule it may encounter. 
However, it is with the reactions in the hot region that we shall be 
concerned in this thesis. 
B. HISTORICAL REVIEW 
The history of hot atom' chemistry is relatively short. This is due 
to the fact that the production of hot atoms in the laboratory has been 
in the past relatively difficult. Although it was noticed - as early as 
1934(3) - that ionised atoms of a very high kinetic energy have a unique 
chemistry, no serious investigation took place until over a decade later. 
Libby(4) was the first to point out the role of the translational energy 
of recoil species, and attempted to describe the mechanism of how a hot 
particle actually participates in a chemical reaction. 
The first systematic and detailed study of hot atom reactions 
started in the early fifties. Photochemical methods were used to produce 
hot atoms(S,6,7,8) and rare gases were used as moderators. The results 
of those early experiments showed that the yields of products were 
independent of temperature. The presence of substituted hydrocarbons 
(products not obtained by thermal reactions) waS also proven. However, 
the analytical techniques used were not suitable for quantitative analysis. 
Since the energies of hot atoms produced by photolysis are relatively 
low, attention waS direct~d to the production of hot atoms by nuclear 
activation methods. Rowland and WOlfgang(9,lO,ll) reported in the mid-
j 
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fifties that tritium recoiling from the nuclear reaction Li-6(n,a)H-3 
can react chemically with its environment to produce labelled organic 
compounds. The energy of hot tritium produced from this reaction is 
2.7 Mev, well above the range where chemical combination could be expected. 
The labelling of other organic compounds such as sugar(12) and resperine(13) 
was investigated but because of the radiation damage it was difficult to 
obtain satisfactorily quantitative results. The same school, usin~ the 
same nuclear reaction to produce tritium, investigated the hot reaction 
. (14) 0 
with s1mple hydrocarbons such as methane and ethane at -160 C. The 
labelling of the parent molecules was significant and, since thermal 
hydrogen atoms do not react with methane, they suggested that a "hot" 
reaction was responsible for the labelling. Willard et al(15) had studied 
by then the reaction of hot iodine with methane, and suggested that the 
reaction occurred via a one-step atomic process. 
(16) . In 1957 Rowland 1ntroduced the use of scavengers for the 
thermalised tritium atoms in the reaction of hot tritium with acetone 
and alcohol in the liquid phase. (17) In the same year, Wolfgang and EI-Sayed 
used the nuclear reaction He-3(n,P)H-3 as a source of hot tritium atoms 
(0.19 Mev). Since tritium was produced in the gas phase it was possible 
to study the hot reaction with alkanes in the gaseous phase. 
At this stage attempts were made to understand the mechanism of hot 
reactions. Wolfgang suggested a mechanism for hot tritium reactions with 
hydrocarbons that could involve Walden inversion, then proposed the hot 
one-step reaction to account for his results with methane and ethane(18). 
. (19-21) W111ard et al in their studies of recoil iodine reactions, 
suggested a radical intermediate combined with a cage model. Urch and 
Wolfgang(22), proposed the formation of an excited radical intermediate 
(by tritium added to the double bond) to explain the results obtained from 
recoil tritium with various alkenes. Rowland et al(23) reached :a, similar 
conclusion when they studied the reaction of recoil tritium with cis and 
trans butene-2 and other 'unsaturated hydrocarbons. 
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By this time the nature of recoil tritium (as to whether it reacted 
as a neutral atom or as an ion) was still in doubt. Wolfgang and Estrup 
believed the former was the reactant species, while Willard and co-
(19-21) (18) 
workers supported the latter. In 1958 Estrup produced a 
strong theoretical argument in favour of the neutral atom reaction. This 
view was confirmed when Estrup and Wolfgang presented the kinetic theory(24), 
(25) 
and moderation studies were made in the light of this theory • Their 
'. 
findings showed that the heavy but low ionisation potential rare gases 
were poorer moderators than helium. 
In 1959 Rowland et al(26) studied the effect of labelling on the 
configuration of a molecule. Using L(+) alanine in solution and in 
crystalline form, they showed that ~-labelling occurred primarily with 
retention of configuration, thus ruling out the likelihood of Walden 
inversion. In the same year;' the same SChoOl(27), published their 
results for deuterated methane, showing a protonium abstraction preference 
over deuterium. 
Odum and Wolfgang continued to study the mechanism of substitution 
by allowing recoiling tritium to react with halomethanes(28) and halo-
ethanes(29). Their results showed the importance of the inertial factors 
in the substitution mechanism, which tend to forbid hot reactions 
requiring nuclear motion slower than the time of collision. 
In 1963 Jurgeleit and wolfgang(30) published their findings on 
isotope effects. They studied the CH3F systems using iodine, bromine 
and oxygen scavengers, and found that the substitution yields were lower 
with CD3F than with 
results of this and 
the protonated form. 
(31) 
other works that 
Wolf gang decided from the 
the pure "billiard ball" 
mechanism for the system at the energies involved in these reactions 
was inadequate and suggested that a more realistic value of ~ (the 
average logarithmic energy loss per collision) may be obtained by summing 
the overall possible atom~atom collisions. From these studies a few 
important conclusions were outlined by Wolfgang. These were 
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a) The tritium energy required for substitution of a hydrogen atom is 
higher than that required for abstraction. 
b) The reactivities of the C-H and C-D bonds were determined by the 
masses of the hydrogen and deuterium rather than the bond strength. 
c) The isotope effect may be classified into a reactive and a 
" 
moderating effect. The former comprises all effects on a collision 
in which the hot atom reacts to combine, while the latter consists 
'. 
of the effects which serve to modify the energy loss of the hot 
atom in a collision in which it escapes combination. 
In the meantime Rowland and co-workers concentrated On the study of 
abstraction reactions using CH2D2(3Z) and CH3D3C(33), and maintained 
their belief in the relationship between the yields of abstraction 
products (HT and DT) and the bond strength. Rowland and Root(34) 
suggested that the C-H bond strength could be determined from the HT yield. 
By the mid-sixties the advances made in computer technology 
encouraged attempts to simulate the re~oil atoms reaction in a simple way. 
Rowland and Coulter(35) took such a step and used their results to test 
the kinetic theory. More sophisticated theoretical calculations of the 
reaction cross sections for the H+H2~ HZ+H reaction appeared in the 
, (36-38), (39) 
same perLod , based on trajectory methods. Estrup also used a 
more realistic interaction potential and showed that the collisions of 
hot atoms with other molecu~es in the system'were probably soft, thus 
resulting in lower values of (a). Hs~ng and GOrdus(40), discussed in 
detail the applicability of the neutron cooling process to hot atoms, 
and concluded that the Estrup-Wolfgang equations work best when applied 
to systems of low total reactivity. In 1965 Felder and Kostin(4l) 
related functions for neE) (number of collisions at energy E) directly 
to collision interaction potentials, without using any assumption from 
neutron cooling theory and obtained similar results. 
Between 1963-1969, Rowland and co-workers investigated the'reactivity 
integrals for the recoil·tritium reaction with various compounds. Their 
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technique was to isolate the intrinsic reactivity of a particular site 
towards a recoil tritium atom of a particular energy, from the number 
of tritium atoms that reach that energy(42-45). This was done by 
operating under standard conditions and by using low concentrations of 
the reactant in question. Thus the variation of the reactivity integral 
--in going from one compound to another could be compared. 
During-the same period, attempts were made to study the reaction of 
"-
recoil tritium atoms with mixtures of reactive components. This problem 
was approached by either varying the concentration of the two components, 
or moderating a mixture of the two components. In the latter case-the 
mixture can be regarded as a single component and the yields analysed by 
the kinetic theory. Urch and Welch used this approach to interpret their 
"- (46) 
results from ethane-butane and ethane-neopentane m~xtures ,and con-
eluded that the larger mOlecuies react better with high energy tritium 
atoms. Urch and co-workers in the same period investigated the scavenger 
(47) 
competition for hot tritium atoms • They observed that the HT/RT ratio 
from the reaction of ethane and neopentane with recoil tritium decreases 
d Ol h 1 f - f b - - d(48) stea ~ y as t e mO e ract~on 0 rom~ne scavenger ~ncrease • 
Oxygen(49) was also found to have the same effect, although to a lesser 
degree. However, Wolfgang and Seewald(50) favoured bromine to oxygen. In 
the same work the authors expressed their doubts over the use of helium as 
moderator. They suggested that, in samples containing excess helium, not 
all tritium atoms were neutralised, causing small ionic contributions to 
what are normally regarded as hot atom products. 
In 1968 SUPlinkas(51), using a hard-sphere model, presented a 
kinematic analysis of atom-diatom cOllision. His calculations were in 
good agreement with experimental results (of the tritium atom reaction 
with its isotopes) and with more sophisticated calculations. Malcolme-
Lawes(52) also used a hard-sphere model in a computer simulation of the 
reaction of recoil triti~ atoms with hydrogen and its isotopes. His 
calculations were more detailed than those of Rowland and Coulter(35), 
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with the introduction of various functions to describe the loss of energy 
upon collision, the reaction probabilities, etc. 
During this ~eriod (1968) Rowland and co-workers extended their work 
on the relationship between the bond strength and the overall reactivity 
(in the hot atom abstraction process) to alkyl halides and to systems 
containing N-H bonds(53). Baker '~d Wolfgang(54) showed that the 
average energy of the tritium atoms that produce HT increases in going 
~ 
from methane to ethane and propane. This finding contradicted Rowland's 
proposal that the weaker bonds react better with lower energy atoms. 
Wolfgang, however, explained the results by the higher energy stripping 
reaction. The contradiction between Rowland's energy cut-off model and 
Wolfgang's stripping model remained unresolved until recently, and will 
be discussed below. 
The most direct piece of'evidence as to the time scale of a hot 
reaction was presented by Tachikawa, Tang and Rowland(55). Using the 
methyle group in propylene. as the site of abstraction, and bearing in mind 
the relationship between the bond strength and the abstraction yield, they 
found the yields (from the methyl group in propylene) were comparable 
with those obtained from other methyl groups. That led to the conclusion 
that the hot reaction takes place in a time less than that required for a 
few C-C bond vibrations(i.e. < 10-12 sec.). 
(56) .. In 1970 Kuntz et al extended the LEPS potentLal functLon 
techniques in order to calculate the potential energy hypersurface for 
the hot tritium atoms reaction with RH. Their results showed three types 
of reaction to predominate: 
a) a low energy abstraetion followed by 
b) substitution and 
c) at still higher energies a second abstraction mode where the 
tritium atom approaches the molecule from the R-end of the molecule 
and moderated by collision, continues to react with hydrogen to 
form HT. 
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This method, however, considered the complex "R" group, as a single atom. 
On the other hand, Bunker and pattengill(57) made a similar calculation 
but treated the methane interaction with tritium as a six-atom system. 
In 1971, Westhead and Urch(58) studied the moderation efficiencies 
of the rare gases in the recoil tritium reaction with ethane, using 
'. 
oxygen as scavenger. They showed that the limiting value (in 180% 
moderator) of HTIRT falls as the atomic number of the moderator increases. 
'. 
Since most of the earlier workers had used helium as moderator, it has 
become more difficult to judge which is a good moderator and which is 
(59) (50,60) 
not • Wolfgang and co-workers had found the HT:RT value to 
increase with helium concentration and decreases with neon. Several 
explanations were given for the apparent discrepancy. Seewald and 
(50) Wolfgang ,as mentioned earlier, doubted the complete neutralisation 
of the recoiling tritions in samples containing excess helium. 
went further to suggest that complete neutralisation could only take 
place in an inert moderato~ such as xe~on. However, when Urch and 
JOhnston(62) in 1972 studied the reaction of recoil tritium with butene-2 
in the presence of helium moderator, they found no evidence of tritium 
ion involvement. . (59 63) Th~s led Urch ' to consider the possibility that 
a, the energy loss parameter used in the Estrup-Wolfgang kinetic theory, 
might vary with energy and attempted to provide criteria for judging the 
relative energies of atoms that initiate different reactions. He 
concluded that by allowing (a) to be a function of energy, all deviations 
from the kinetic theory behaviour could be explained. In the same year 
(1972) Malcolme-Lawes(65) suggested (as a result of hard-sphere model 
calculations on the reaction of recoil tritium atoms with hydrogen) that 
the discrepancies between more exact theoretical treatment and experimental 
results may be caused partly by collisional dissociation of excited 
molecular hydrogen. He showed that the extent of cOllisional dissociation 
was dependent on the mass .of species likely to be encountered by trans-
lationally excited HT molecules. Thus collision with a low mass species 
-8-
. (66) . 
such as hel~um ,results ~n a much less collisional dissociation (and 
consequently a greater yield of thermalised HT) than collision with heavy 
species such as argon or xenon. Guided by the hypothesis of collisional 
dissociation, Malcolme-Lawes(67) re-examined published data on moderators 
and moderation studies and found them to be entirely consistent with the 
proposal that collisional dissociation was of major importance in 
determining the HT/RT ratio. He also observed that the HT/RT ratio in 
". 
deuterium moderated systems increased on moderation (just like helium 
moderated systems) while the addition of heavy moderators such as neon 
and argon gave opposite results. 
(64) . In 1972, Bunker po~nted out the influence of rotational effect 
in the decomposition of substituted hot products. 
The use of hard-sphere models in studying the kinetics of hot atom 
reactions has the advantage or being simple, and yet produces results that 
are in good agreement with sophisticated but more complicated calculations. 
Malcolme-Lawes and urch(68~ described a computer model which simulates 
the cooling down of a nucleogenic atom, until it reaches the hot region 
where it might react. The prediction of products and their yields were 
also included. In addition they used the model to discuss critically the 
effectiveness of Estrup-Wolfgang's kinetic theory. Similar studies were 
made on other systems, namely the reaction of recoil tritium atoms with 
R-H and R_D(69) and hydrogen and its isotopes(70). 
In 1972 Malcolme-Lawes(71,72) published a theoretical treatment on 
the effect of scavenger competition for hot atoms and concluded that in 
studying such systems the use of constant reactant/scavenger ratio may 
produce misleading results. He added that the maintenance of sufficient 
amounts to suppress thermal processes while not interfering with hot 
reactions is of critical importance. Hosaka and Akio(73) investigated 
the oxygen scavenger interference with hydrogen abstraction in partially 
deuterated methylsilanes. They Observed that while the HT/parent-t was 
constant with increasing oxygen concentration, the yield of DT decreased 
slowly. 
In 1973, Baker and Malcolme-Lawes(74) studied the reaction of 
recoil tritium with ethane, in the presence of nitrogen and CF4 moderators. 
A ' h l' (66) dd' (67) dd" f d s w~th e ~um an euter~um the a ~t~on 0 these mo era tors 
increased the HT/RT values, thus adding weight to the collisional 
dissociation hypothesis. The authors suggested that the collisional 
dissociation of the excited HT might be more important than the energy 
shadowing effect. Moreover, they suggested that hydrocarbons behave 
essentially as carbon atoms, as far as their ability to collisionally 
dissociate excited HT is concerned. They observed that the moderators 
which consist of groups similar in mass to carbon exert very little effect 
on observed products ratio. This work was followed by a study of krypton 
and xenon moderators(7S) with particular emphasis on products other than 
HT. The relative yields of substitution products were found to be 
constant over a wide range of'moderation. The products CH3T, CH2TBr, 
C2HST and C2H4TBr were invariably formed in the same relative yield, no 
matter which moderator - or degree of moderation - was used. As a result 
, ' 
of these observations Malcolme~Lawes and Baker proposed that all products 
except HT might be regarded as resulting from the collision of hot 
tritium atoms with carbon atoms followed by the dissociation of one of 
the C-ligand bonds. The authors concluded that there was no direct 
evidence to support the concept of energy shadowing of the product yields 
and considered the variation of the absolute yields of just One product 
with moderation as indicative of the efficiency of moderation of the hot 
tritium atoms. Similar results were obtained by Dzantiev et al(76) who 
bombarded various raactants with tritium accelerated to energies from 
0.4-S Kev, and found that the main tritiated yields were independent of 
the energy of tritium atoms. On reviewing the available data (of the 
reactions of recoil tritium with simple hydrocarbons) in the light of 
collisional dissociation hypothesis, Malcolme~Lawes(77) was able to re-
concile the apparent contradiction between the stripping model (la) 
suggested by Wolfgang and the energy cut-off model proposed by Rowland 
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(42,45) Basing his argument on theoretical calculations (of the 
variation of the abstraction reaction cross section with the energy of 
tritium atom) he concluded that HT might be formed by stripping mode over 
a range of tritium atom energies. On collision with surrounding species 
a considerable fraction of this product dissociates resulting in an 
effective probability of reaction function which - in surroundings of 
relatively large "available" atomic weight - resembles that requi:r;.~d by 
the energy cut-off model. The effective probability of HT production was 
estimated in different moderators and the results correlated well with 
experimental data for various moderation studies in methane and ethane. 
Similarly the bond energy effect on abstraction yields and the magnitude 
of scavenger competition were related to the stripping model and the 
collisional dissociation of excited HT. 
In 1974 Johnston and ur~b(lOl) extended the Estrup-Wolfgang theory to 
include the case of two reaetive components. They found energy shielding 
integrals which describe the way in which the reactions of one component 
are affected by the reactions of high energy atoms with the other component. 
In the same year Malcolme-Lawes and Hall(78) studied the use of bromine 
scavenger and concluded that it reduces the yields of both abstraction 
and substitution products by competing with the hydrocarbons for the hot 
atoms. This effect, they found, was more pronounced in heavy moderators 
due to collisional dissociation of excited HT. 
During this period (1973-1975) a few theoretical works on the subject 
were published. Malerich and spicer(79) investigated the effects of 
inelastic processes - resulting from the collisional dissociation of the 
target molecules - on the collision density over the reactive energy 
range. A modified collision density - for the reaction of hot tritium 
atoms with deuterium - was used to determine the hot yields of DT as a 
function of the inert gas moderator. Brodsky et al(102) re-examined the 
. (54) exper~mental data of Baker and Wolfgang and suggested that the 
dependence of HT/DT ratio on the moderator concentration (in mixtures of 
-11-
protonated and deuterated simple hydrocarbons)may be obtained theoretically 
if resonance maxima of the corresponding reaction cross sections were 
assumed. Adany and porter(103) described a mathematical technique by 
which the IRP (integral reaction probability) equation for a multicomponent 
mixture can be solved accurately when quantum-mechanical oscillators are 
included in the model for non-reactive scattering. Malcolme-Lawes(81) 
studied the isotope effects in the abstraction reactions of H.D and T with 
, 
RH. RD and RT. The results - based on the hard sphere energy transfer 
model - showed the existence of two high energy isotope effects. The 
first is dependent on the mass of the attacking atom while the other is 
governed by the mass of the struck atom. This work was followed by 
another. dealing with the dynamics of hydrogen isotopic exchange 
reactions(80) at high energies. Here. however. Malcolme-Lawes used an 
empirical potential energy surface in classical trajectory calculations 
and found the excitation functions to be in good agreement with those 
obtained from the hard sph~re model. b4t only at very high energies. In 
the lower energy region the author concluded that the hard sphere model 
could lead to qualitative errors. 
Finally, Valenich and Bunker(103) used a classical Monte Carlo 
trajectory method and a new kind of empirical potential energy hyper-
surface, which was fitted to combined experimental observations On the 
T + CH4 hot atom reactions. 
Meanwhile, more experimental wor~ was carried out by Urch and co-
workers. In 1973, Johnston and Urch(104) studied the reaction of recoil 
tritium atoms with ethylene, using oxygen as moderator. They concluded 
that the products (HT and C2H3T) were formed at the same mean energy and 
that o~ygen was a better moderator than helium. A similar investigation 
of the trans-but-2-ene system(lOO) showed that the energy range for HT 
formation was broader than and straddles the labelling range. The pressure 
effects on the reaction of recoil tritium atoms with hydrocarbons was , 
studied by Winter and Urch(105). They found that the HT yield was 
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enhanced by low hydrocarbon pressure. In 1974, Urch and Welch(104) 
reported their findings on the relative reactivities of various hydro-
carbons towards hot tritium atoms. Mixtures of ethane and butane and 
ethane and neopentane were studied in the absence and presence of helium 
moderator. It was found that the large molecules were labelled by recoil 
atoms of a higher mean energy than those which labelled ethane. Further-
more, it was shown that hydrogen atoms at CH2 sites were replaced ~y 
higher energy tritium atoms than those at CH3 sites. 
During the last few years (1975 - present), more attention was 
directed to the pressure dependence of the reaction of recoil tritium 
atoms with hydrocarbons. Paulus(106) studied the reaction of recoil 
tritium atoms with butane in the pressure range 100-1500 torr. The yields 
of tritiated alkanes increased with pressure whereas the yields of C2H3T 
and tritiated radicals showed'an opposite trend. (107) , Spicer et al stud1ed 
the cyclobutane system:. and used the kinetic analysis to distinguish 
reactive processes. This lJOrk was deve.loped(108) to characterise the 
generation of excited cyclobutane and its subsequent unimolecular 
behaviour. 
On the theoretical side, Malcolme-Lawes performed quasiclassical 
trajectory calculations on the reaction of recoil tritium atoms with HF 
and DF(82). This system is of interest because it is intermediate in 
complexity between T + H2 and T + CH4 systems. The predictions made 
should prove useful when experimental. data become available. The 
moderating efficiency of HF for energetic tritium atoms was also studied(109) 
and was found to vary with energy especially where the reaction cross 
section is large. Similar studies were made on the systems T + 0 (110) 
2 
and T + HBr and T + Br2Clll). Th d t d' f th t' e un ers an 1ng 0 ese sys ems 1S 
quite important because oxygen and bromine have been extensively used as 
scavengers, yet little attention has been paid to their role as reactants 
with the hot tritium atom~. 
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In 1979 Wright et al(112) studied the reaction of hot tritium atoms 
with HD, using trajectory calculations based on Porter-Karplus potential 
surface. The integral reaction probability equations(IRP) for product 
yields were extended to include the effects of inelastic collisions and 
a realistic moderating function was obtained. Absolute HT and DT product 
yields were determined and the ratio compared to the kinetic theory and 
experimental results. 
'. 
Zeigler et al(113) published new data on the ranges of tritons in 
(114) . gases. Using these ranges, Malcolme-Lawes re-exam1ned the results 
of Seewald and Wolfgang(99) with special interest in the helium moderated 
systems. The corrected data (using the new ranges for the recoil loss 
correction) showed that the deviations of helium moderated systems from 
the kinetic theory (which were attributed to tritium ions contributions) 
no longer existed. h (115,62) This finding, along with ot ers , re-established 
helium as a suitable and useful moderator, especially in the understanding 
of the collisional dissoci~tion hypothesis. 
C. SOURCES OF HOT ATOMS 
Hot atoms can be produced by various techniques. A short description 
of each is outlined below. 
1. Photochemical Methods 
The dissociation of a diatomic molecule by a light quantum (having 
more energy than the bond) produces hot atoms. Williams and Hamill(7,8) 
were the first to use photogenic hot atoms. However, the energies of 
hot atoms produced photochemically are too low (~2 ev) to give some of 
the characteristic "hot" reaction with methane. Thus it was natural to 
look for other sources capable of producing hot atoms with energies high 
enought to cover the whole region at which hot chemical reactions might 
occur. This objective was achieved by employing the nuclear recoil 
technique. 
2. Nuclear Recoil Methods 
The great majority of hot atom studies so far have used this 
technique for the production of hot atoms(17). A substance which, on 
nuclear transformation, will yield the hot atom is mixed with the compounds 
with which the hot atom reacts. Then the mixture is expos~d to the 
appropriate nuclear particles. 
This method, unlike the previous (photochemical method) is 
'. 
characterised by the continuous energy distribution of hot atoms available 
for reactions. It is therefore limited by the lack of direct control over 
the reaction energy. On the other hand, the energies of the hot atoms 
produced by nuclear recoil techniques are very high, well above the 
region where chemical combination can take place. 
3. Other Techniques 
It is obvious that both methods fall short of the ideal situation, 
where the energy of the hot atoms can be controlled and at the same time 
be high enough' to cover the whole region of interest. Thus the use of 
monoenergetic (but var1able)beam of hot atoms would a:eate the optimum 
conditions for the direct measurement of the excitation functions of hot 
reactions. Unfortunately, the production of such beams is not yet 
practical. However, the use of controlled tritium ion beams (by 
acceleration and deceleration) to a specific energy has been reported(84). 
Menzinger and WOlfgang(83) argued that tritium ions will be neutralised 
(84,85) 
as they approach the solid surface of a hydrocarbon. Firzona et al 
used a similar technique to carry out extensive studies of the reaction 
of tritium atoms (ions) of known energy with solid aromatic compounds. 
D. EXPERIMENTAL METHODS FOR GAS PHASE STUDIES 
The experimental procedure, usually followed in gas phase studies 
consists of four main steps. 
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1. Sample Preparation 
The samples are usually encapsulated in quartz(17) or 1720 glass 
ampoules, the size of which varies between 10-20 cm3 The quartz is 
transparent to thermal neutrons (an advantage) but contains labile 
hydrogen atoms which can react with the recoil tritium atoms that enter 
the walls to form wall HT (a disadvantage). On the other hand, the 1720 
glass retains the tritium atoms which enter the wall (an advantage) but 
attenuates the neutron flux, due to the presence of boron in the matrix 
(a disadvantage). 
The sample ampoule is joined to vacuum line and its volume determined. 
Then it is evacuated, heated to red heat and left under vacuum for 10-15 
minutes. The ampoule is then immersed in liquid nitrogen and the gases 
allowed to enter, starting with those having the lowest vapour pressure at 
liquid nitrogen temperature. 'An alternative method is the addition of 
the gas with the largest partial pressure last. In cases where more than 
One gas have appreciable vapour pressure special care is required to 
, ' 
ensure proper equilibration before the ampoule is sealed. This is 
normally done by removing the liquid nitrogen and allowing the ampoule to 
reach room temperature before recooling and sealing. 
2. Irradiation 
The sample is irradiated with the appropriate particles to produce 
the hot atom in question. For the pr~duction of recoil tritium He-3 is 
irradiated with thermal neutrons. 
3. Analysis 
The labelled products, formed by the recoil tritium reactions are 
usually separated by gas-liquid or/and gas-solid chromatography, and 
detected by a thermal conductivity (or any other appropriate) detector 
before enetering a proportional or a scintillation counter. The products 
are identified by their r~tention times and the amount of activity is 
determined by conventional counting equipment. 
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The sample ampoules (if small) are broken in the gas stream before 
the gas chromatographic column. Otherwise they could be broken in a 
vacuumed container, and small portions (of known pressure) withdrawn 
into an injection system of known volume. 
4. Proportional Counting 
In hot atom chemistry two types of proportional counters can be used 
depending on the energy of the radiation of the recoil atoms. If the 
radiation is "hard" a window counter may be used, where the gas stream 
from the chromatographic column is separated from the actual counter by a 
very thin film of material. When a weak energy radiation is to be 
detected, such as beta-radiation of tritium, a conventional flow 
proportional counter must be employed. The performance of this counter 
is influenced by quite a few factors, each of which should be thoroughly 
investigated. These factors are, 
(i) Flow rate: 
The number of disintegrations recorded will depend not only on the 
activity of the sample but also on the time spent in the counter. Thus 
it is necessary that the flow rate be kept constant and known on analysis, 
especially when macroscopic amounts of the sample are passing through the 
counter. 
(ii) Quenching, 
The flow of large amounts of sample through the counter tends to 
change the characteristics of the counting gas(89). oxygen(90), bromine, 
. (91) 
alkyl ha11des, hydrocarbons and noble gases are known to cause 
quenching of proportional counters. It is therefore essential to test 
the effect of all components of the sample before the analysis. 
(iii) Temperature effects: 
The temperature at which the proportional counter is operating 
determines the position as well as the width of the plateau (obtained by 
plotting the wire voltage vs count rate)(92). 
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(v) Counter efficiency, 
Having determined the optimum conditions for operating the 
proportional counter, it is still necessary to compensate for that 
portion of the a-spectrum (or any weak radiation), which is lost by the 
discriminator of the counting electronics. The ideal method for the 
determination of the efficiency is to pass tritium gas (if tritiated 
compounds are to be measured) of known specific activity. 
E. THE REACTION OF RECOIL TRITIUM ATOMS WITH 
HYDROGEN, DEUTERIUM AND HYDROGEN DEUTERIDE 
" 
The exchange reaction between atomic and molecular hydrogen is the 
simplest of all chemical reactions. The relative ease of theoretical 
calculations and the pronounced isotope effects provide an ideal start 
to the understanding of the chemical kinetics and dynamics of hot atom 
reactions. 
Lee et al(116) studied the reaction of recoil tritium atoms with 
pure equimolar mixtures of,hydrogen and deuterium. The ratio of the 
products, HT/DT, in the unscavenged system was 1.55. This ratio 
increased almost twofold in systems containing scavengers (NO or O2), 
Since the presumed role of a scavenger is to compete well for those atoms 
that reach lower. energies without forming a chemical bond, the authors 
suggested that the higher energy tritiUm atoms show the isotopic 
preference for reaction with hydrogen rather than deuterium. Seewald 
et al(93) investigated the same react~on in the presence of argon 
moderator and iodine scavenger. The HT/DT ratio was 1~15. 
During the same period, Karplus, Porter and Sharma(38) published 
classical trajectory calculations for the reaction of recoil tritium 
atoms with hydrogen and deuterium. The~reement of their results with 
experimental data was reasonable but not exact, The calculated value of 
the HT/DT ratio in pure equimolar mixtures of hydrogen and deuterium 
(1.50) agreed well with the experimental value (1055). However, in the 
case of the (argon) moderated and (iodine) scavenged system, the 
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theoretical predictions (1.37) differed appreciably from the experimental 
value (1.15). 
Chou and Rowland(99) investigated the reaction of - photochemically 
produced - hot tritium atoms with (Br2) scavenged H2-02 mixture and with 
HO. The purpose of the experiment was to study the isotope effect at the 
" low energy region of the hot reaction. The results of the T+H2-02 were in 
good agreement with the theoretical prediction but the product yields of 
" 
the T + HO varied widely. The disagreement persisted when higher energy 
tritium atoms (produced by He-3(n,.P)H-3) were emPloyed(95). 
The use of hard sphere models to calculate the excitation functions 
of the T + H2- O2 and T + HO systems was attempted by Malcolme-Lawes(65). 
, (38 96) The results compared well with the more sophisticated calculat10ns ' • 
The· isotope effects were found to be 1.2 for both systems. Clearly, 
in good agreement with the experimental results of the first system 
(T + H2- O2) and in sharp disagreement with the others. In order to 
reconcile the observed experimental results with the theoretical values 
. . 
the author introduced the hypothesis of the cOllisional dissociation of 
the translationally excited products (HT and OT). Thus, by determining 
the dissociation cross sections of the excited products (as a result of 
collision with argon) and integrating them with the excitation functions 
of the corresponding reaction, the author obtained "effective" excitation 
functions. This treatment lowered the isotopic effect in the T + HO system 
from 1.2 to 1.0, still quite far from the experimental value (0.62) 
observed by Seewald et al. To explain this discrepancy, Malcolme-Lawes 
compared the internal energy distribution for the excited HT and OT produced 
from HO at an initial tritium atom energy of 16 ev. He observed that 60% 
of the translationally excited HT has internal energy greater than 3 ev, 
while less than 25% of the OT possess such energy. Moreover, the cross 
section for the formation of excited OT is only one fifth of the cross 
section for the formation of HT. Consequently, more HT would dissociate 
on collision with the moderator than OT resulting in a low HT/OT ratio. 
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Recently Malcolme-Lawes performed classical trajectory studies 
using an empirical potential energy surface for the isotopic exchange 
reactions of hydrogen(80). The reaction and dissociation cross sections 
were obtained for each system and the integrated cross sections determined. 
The results showed the isotope effect for the T + H2- D2 system (1.18) to 
be in good agreement with the experimental results of Seewald et al(93). 
As to the intramolecular isotope effect, the calculations predicted a 
value of 0.6 for a 2.8 ev tritium atom. This is in good agreement with 
the experimental results obtained by Chou and Rowland(94). 
In the same work, Malcolme-Lawes compared the excitation functions 
obtained by the classical trajectory method with those determined by the 
hard sphere model calculations. The comparison showed that while the 
agreement is good at very high energies, the hard sphere model could 
lead to qualitative errors at· low energies. This was attributed to the 
fact that at low energies the vibrational energies of the bonds were 
involved in the formation of a particular product. Taking this factor 
into account, the author concluded, would result in a larger cross 
section for the formation of DT. 
The most recent work on the subject was a study of the T • HD 
(112) 
system • Wright et al performed trajectory calculations, in which 
the integral reaction probability (IRP) equations were extended to 
include the effects of inelastic collisions. A realistic moderating 
function was obtained. The isotope ratio (HT/DT) predicted by this model 
was astonishingly high (1,78) compared with values obtained by simpler 
models (0.80). The authors related the differences to the detailed 
shape of the realistic moderating function and suggested that the hard 
sphere and the kinetic theory models predict the right result by a 
combination of errors. 
F. THE AIMS OF THIS STUDY 
It is obvious from the previous review that the study of hot atom 
reactions is not yet complete. Discrepancies between theoretical 
-zo-
predictions and the available experimental data have not been satisfactorily 
explained. The role of scavenger competition (for hot tritium atoms) has 
not been fully investigated and the relative efficiencies of the various 
moderators and e.ven their ability to neutralise the tritons (e.g. helium) 
are still in doubt. The aim of this work, therefore, is to study the 
reaction of recoil tritium atoms with HZ' DZ' HZ- DZ and HD, both 
theoretically and experimentally. Special interest will be given to the 
", 
scavenger effects on these systems and the isotope ratio HT/DT will be 
determined in various moderators. The theoretical calculations will be 
based on a hard sphere model. The collisional dissociation of the excited 
products (HT and DT) will be given special attention so that "effective" 
excitation functions for each reaction in different moderators could be 
obtained. 
Finally, a comparison of 'the experimental results and theoretical 
calculations will be attempted. 
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CIIAPTEH I [ 
EXPEHIMENTAL PROCEDUHE 
A concise and general description of the experimental methods 
employed in gas phase hot atom chemistry was outlined in Chapter I. 
In this chapter a specific and detailed account of the experimental 
procedure is discussed. 
A. THE VACUUM SYSTEM 
The system used is shown in the photograph (2.1) and in fig.(2.1). 
It consisted of the main vaCULUn line, a "filling section" and an 
"injection section" [photograph (2.2)l. A combination of mechanical 
and mercury diffusion pwnps coupled with liquid nitrogen traps gave a 
-3 
vacuum of less than 10 mm Hg. Each of the two sections was fitted 
with a pirani gauge, a mercury manometer and an electrical manometer. 
All stopcocks and joints used in this work were greaseless (Young Acton 
Ltd.). The type and size of each will be mentioned whenever appropriate. 
1. The "filling section": This is shown in the left-hand side of 
fig.(2.1). It was connected to the main vacuum line by a large stop-
cock (PTT, 15 mm). All other stopcocks in this section were fine-
threaded (POR, 10 mm) to allow for a better control over the transfer 
of gases from one part of the apparatus to another. Glass bulbs (1 & 
2 litre) "ere used as gas reservoirs. They were attached to the section 
either permanently or by means of spherical joints (S-19, 9 mm) and 
spring-clips. The helium-3 reservoir was joined to the "standard 
volume"by two stopcocks (one of them a conventional greased stopcock) 
as a precaution against accidental loss of expensive gas. The section 
had two "standard volumes", one was used for measuring small quantities 
of gas (KILNOH = 22.36 ~ 0.062 ml) and the other for measuring larger 
quantities (ABCDOLIK = 11,1.64 ~ 0.1,0 Illl). 
2. The "i.njection section": [fig.(2.1), photograph (2.2)l was similar 
to the "filling section" except that at points X, W, Y and Z (in fig.2.1) 
coarse-threaded stopcocks (PTT, 10 mm) "ere used to ensure a quick, 
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efficient injection of the sample into the chromatographic column. 
The "standard injection volwne" (YZ in fig.2.1) was 11.56 + 0.032 m1. 
3. The sample breaker: (fif~.2.2) was lIIade of pyrex with thick (",,3 mm) 
walls. The two parts of the container were joined by a spherical joint 
(S-25, 20 mm) and held together by a powerful spring-clip. The upper 
part was equipped with a stopcock (POR, 10 mm) and a male joint (S-19, 
9 mm). 
B. DETERMINATION OF VOLUMES 
1. The "standard volwne" bulb (fig.2.3) 
The glass bulb was fitted with a stopcock (PTT, 10 nun) and a male 
joint (S-19, 9 nun). Its volwne was determined by weighing it both 
empty and full of water. The process was repeated several times and 
the average net weight was divided by the water density at room temper-
ature. The standard volwne (42.7 ~ 0.08 ml) was used to determine the 
volwnes of the various parts in the vacuum system. 
2. Volwnes of the filling and injection sections were determined by 
joining the "standard volume" bulb to the section whose volwne was to 
be measured. Air (at atmospheric pressure) was expanded from the bulb 
into the section and the new pressure determined. The volwne (V) was 
then calculated using equation 2.1. 
.......... (2.1) 
where P = atmospheric pressure (cm Hg) a 
V = standard s volume (42.70 ml) 
P = the new pressure n 
V = (V + s the volwne of the section) 
C. MEASUREMENT OF PRESSlIRES 
The simplest and most convenient device for measuring the pressure 
of gases is a mercury manometer. However, the use of bromine and iodine 
monochloride necessitated the search for alternative methods. In the 
early stages of this work a glass spiral gauge was used but abandoned 
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due to its fragile nature and to the difficulty in obtaining replace-
ments. After this an electric manometer (Schaevitz EM Ltd.) was tried 
and proved adequate for the purpose. The device consisted of a pressure 
transducer (fig.2.5) with a stainless steel diaphragm, a power supply 
(10 V d.c.) and a battery-operated digital voltmeter. The diaphragm 
was sprayed with p.t.f.e. to protect it from possible interaction with 
BI: or lCl. A male joint (S-13, 5 nun) was attached to the pressure 
transducer so that the device could be clipped to a female joint in 
ei ther section of the vacuwTI system. 
The relationship between the transducer output voltage and pressure 
was, for all practical purposes, linear (non-linearity and hystersis = 
+ 0.14% FRO). However, variations in the room temperature caused 
certain shifts in tbe calibration curve (thermal zero shift = + 0.019 
and thermal sensitivity shift = -0.002% FRO/oC). These temperature 
variations were eliminated simply by wrapping the tl:ansducer in cotton 
wool and placing a powerful ligbt bulb at an appropriate distance to act 
as a manual thel:mostat. 
D. MATERIALS USED 
A list of the materials used in this work is given in table (2.1) 
along with the manufacturer's name an\l stated purity. 
With the exception of Br, rCl and He-3 the gases were transferred 
to the gas reservoirs with nO further purification. Iodine monochloride 
and bromine were purified by freezing Hith liquid nitrogen and pumping 
(after the removal of the cold bath) until the pirani gauge showed a 
deflection of ""0.01 mm Hg.- The process was repeated several times. 
Helium-3 was purified from tritium contamination by st<\ring it in 
a special pyrex bulb with a nickel film deposited on the inside walls 
(fig.2.4). The metal film adsorbs the tritium (the principal impurity 
in helium-3) leaving the latter virtually tritium-free (134). 
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Tile nickel fillll was lIIade by passi.ng direct current ( () amps) 
through a nickel filament sealed inside the (evacuated) bulb wbile 
cooling the outside walls with liquid nitrogen. The filament was 
connected to the power supply by tungsten electrodes. 
The H2 -D2 mixture was prepared as [ollows,- Two glass bulbs 
(~l litre "each) were joined together by glass tubing fitted witb a 
break-seal. Each bulh was equipper! with a greaseless stopcock (POR, 
10 mm) and a male joint (S-19, 9mm). One of the bulbs contained a small 
stainless steel ball with which the break seal could be broken. The 
first bulb was clipped to a socket (S-19, 9 mm) in the filling section 
and its volume determined (1115.30 Inl). Then it was evacuated and left 
under vacuum for 15 minutes before it was filled l;ith hydrogen (75.35 cm 
Hg). The process was repeated for the other bulb (1046.88 ml) which was 
filled with a pre-calculated pressure of deuterium (80.40 CIII Hg). The 
break-seal, separating the two bulbs, was broken and the mixture left 
(for two "eeks) to reach equilibrium. The exact ratio of D2 ,H2 in the 
mixture "as 1.001,1.000. 
E. PllEPARATION OF SAMPLES 
A typical sample ampoule (wall = 1 nun, diameter = 1.8 cm, length 
= 11-5 cm, volwne",12.00 cm) is shown in fig.(2.6). It was lIIade of 
quartz (Jencon's Ltd.) and joined to a pyrex male joint (S-13, 5 mm) 
by a pyrex-quartz seal (J encon' s Ltd.). A small constriction was made 
between the stem and the ampoule main body to facilitate sealing. At 
the other end, a thin point was pulled out (to facilitate breaking) 
and protected by plastic tubing (1-2 cm long). 
The sample ampoule was attached to the filling section (at point "0" 
in fig.l) via an S-13 socket. The volume (of the ampoule and stem) was 
determined by expanding air (at atmospheric pressure) from the ampoule 
into the standard volume (KILNOH in fig.2.1) anr! substituting in 
equation 2.1. It was then evacuated and heated to bright redness (using 
oxygen-natural gas flame) and left to cool under vacuum for at least 15 
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minutes before immersing in liquid nitrogen for the duration of the 
filling process. The gases were then admitted into the ampoule, in 
the order of their partial pressures. Once the filling process was 
completed, the liquid nitrogen bath was removed to allow the components 
to reach equilibrium. The ampoule was then re-cooled and sealed. The 
volume of the stem was determined and the net volume of the sample 
ampoule obtained. An appropriate correction was made to allow for the 
gases left in the stem. 
F. IRRADIATION OF SAMPLES AND ~IONITORING TECHNIQUES 
The samples were irradiated with thermal neutrons in the U.K. 
A.W.R.E. lierald reactor at Aldermaston. They were irradiated in batches 
o 15 
of seven, at 40 C for about 48 hours. The integrated neutron flux (..010 
neutrons/cm2) was estimated [or each sample by means of a cobalt wire 
attached to the walls of the sample ampoule. A flux monitor bulb, 
filled with helium-3 (-2 cm Hg) and hydrogen ( .... 90 cm Hg) was included 
in each batch. The original purpose of this step was to use the 
activity produced in the bulb (after recoil loss correction) i.e. PHT , 
as a standard for the other samples in the same batch. However, during 
the course of this work it became apparent that the intensity of the 
neutron flux varies both horizontally and vertically through the 
irradiation chamber. Thus, it was felt safer to rely entirely on the 
cobalt wire monitor. As the latter is normally situated around the 
middle of the sample ampoule, the magnitude of the variation in the 
neutron flux (between one end of the sample ampoule and the cobalt wire) 
is compensated for, in the other half of the sample, assuming that the 
change in the neutron flux is gradual and uniform along the length of 
the ampoule. These variati.ons were studied by placing about 30 sample 
ampoules in a plastic container and irradiating them simultaneously at 
the Universities Research Reactor in Manchester. The relative position 
of each sample in the container was noted. Special care was taken to 
ensure accurate determination of the weight of the cobalt wires. After 
-:n-
irradiation the activity of each cobalt wire was measured and the 
neutron flux for each sample was calculated. The result clearly showed 
horiZontal and vertical variations. Furthermore, when the product 
yields were calculated and plotted on their appropriate curves (scavenger 
curves) the degree of scattering (observed in samples irradiated at 
Herald) decreased substantially. These observations indicate that the 
major source of error (the neutron flux) could be minimised by careful 
handling of the cobalt wire monitors. 
G. THE RECOIL-LOSS CORRECTION 
The term refers to the fraction of recoiling tritons which reach 
the ampoule walls before becoming bound in the gas phase as a reaction 
product. 
A triton formed with a recoil range "r" will at the end of its 
track be on the surface of a sphere of radius "R" whose origi.n lies at 
the point of triton formation(99). The probability that the triton will 
escape into the ampoule walls is equal to the fraction of this spherical 
surface which lies outside the ampoule. (118) Estrup calculated the 
recoil loss by averaging these fractions over all positions of triton 
formation inside the ampoule. This method, when applied to an infinite 
cylinder, produced the two following <;>quations (2.2 and 2.3). 
1. For C<l 
~ 1 E(C) l ..... (2.2) 
2. For C>l 
L 
{, [(C2 + l)E(l/C) - (C 2 - l)K(l/C)l ..... (2.3) = 3". 
where 
L = fraction of T lost to the wall 
R = radius of i.nfini te cylinder 
r = recoil range of tritiLUn atoms in gas 
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C = r 121'. 
K(C)& E(e) = the complete e]iptic integrals of the first and second 
kind respectively. 
An end correction may be used to compensate for the nearly hemi-
spherical ends of the sample ampoule. These corrections are given in 
the following equations (2.4 and 2.5). 
1. For e<l 
•••.• (2.4) 
2. For e;>-l 
LeOR = L + ~ (l - L) ..... (2.5) 
where LeOR is the corrected recoil loss and 
h is the length of the cylinder. 
The recoil loss correction is used in equation (2.6) to calculate 
the fractional yield of a hot product. 
P. = A./A (l-L
eOR ) 1 1 tot .. ... (2. 6) 
where P. = the yield of hot product i 1 
A. = the activity 1 
experimentally measured for product i 
Atot = the total activity induced ,in the sample. 
It is ohvious that the calculated yi.eld of a product depends to a 
large degree on the recoil loss correction ,;hich, in turn is determined 
by the values used for the ranges of the tritons in the gas sample. 
(lll. ) The importance of these values has been recently demonstrated when 
(99,98,120) 
old values, use(\ by most workers were eompared with new 
values based on parameters recommended by Andersen and ziegler(113). 
These new values are listed in table 2.2 along with another set of 
. 1 1 1 t d . . b Z 'd' (119) recent va ues ca cu a e uS1ng parameters g1ven y a1 1n • 
Ranges at different pressures are calculated using equation (2.7). 
r p 
76 
x-
P ..... (2.7) 
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where L76 is the range listed in table (2.2). 
r is the range of the triton at P cm Hg. In a mixture of gases 
p 
the range of the triton is found by assuming additivity of the stopping 
power. 
Gas 
He 
Ne 
Ar 
Kr 
Xe 
H2 
CH4 
O2 
N2 
Br 2 
12 
lCl 
Table (2.2) 
Recoil ranges of 192 KeV tritons in gases 
at S.T.P. and OOC 
Malcolme-Lawes' Zaidin's 
range/cm range/cm 
0.994 0.937 
0.551 0.506 
0.216 o .{,80 
0.187 0.390 
0.137 0.351 
0.557 0.426 
0.176 0.152 
0.217 0.259 
0.230 0.263 
0.101 0.193 
0.073 0.108 
0.090 0.093 
11. COLLISION PROBABILITIES 
The collision probability may be defined as the relative probability, 
f., that a tritium atom will collide with component "j" of the reaction 
J 
mixture. It is calculated by using equation (2.8). 
.. ... (2.8) 
where nj is the mole fraction of jth component, 
s is the collision cross section of component j. j 
The collision cross sectiorn used in this work are listed in 
Table (2.3) 
Collision Cross Sections 
Collision Partnecs Cross S . A02 ectlon 
T-H 2 23.4 
1'-0 " 2 
T-H -0 " 2 2 
1'-110 " 
T-C114 32.0 
T-He 20.0 
T-Ar 27.51 
T-Kr 29.20 
1'-0 2 28.10 
T-Br 2 38.00 
T-ICl 1.s.00 
I. THE "WALL HT" 
It has been postulated that HT may be formed as a result of the 
reacti.on of recoiling tritiwn atoms or ions with the hydrogen present 
in or on the walls of the quartz sample tubes. Some of this HT may 
then be liberated from the vessel walls and find its way into the 
gaseous Phase(121-123) where it is indistinguishable from HT formed by 
hot atom reaction. The activity due to this "wall HT" has been shown 
to be a function of the recoil 10ss(86), and empirical corrections 
have been advocated. Since the puhlication of these findings, workers 
have been applying such "wall HT" correction to HT yields in a variety 
of recoil tri ti.wn systems. 
"I~all HT" is determined experimentally by either reaction of recoil 
tritium atoms with wholly deuterated samples in the presence of 
scavenger (to remove the thermalised tritium atoms) or by generating 
-3~-
recoil tritium atoJ\ls in sample tubes containi.llf', scavenger and moderator 
1 
(86) 
on y . 
In this work, an attempt to determine the "wall HT" gave unexpected 
results. Therefore, the subject will be discussed in some detail. 
Four sets of experiments were performed: 
1. The first series contained He-3, iodine monochloride(scavenger), 
varyi.ng amounts of deuterium and varying amounts of moderators 
'. 
(tables 2.4A, 2.4B and 2.4C). 
2. The second series consisted of: 
(A) Helium-3 and varying amounts of deuterium (table 2.sA). 
(B) Hel ium-3, deuterium and varying amounts of moderators 
(tables 2.sB, 2.SC, 2.sD and 2.sE). 
No scavenger was added. 
3. The third set contained oxygen (scavenger), helium-3 and varying 
amounts of helium-4 with one sample containing argon as moderator. 
No deuterium was present (table 2.6A). 
4. The fourch series was similar to (3) but rCl was used as scavenger 
(table 2.6B). 
In all tables the observed HT was compared with the theoretical 
"wall HT" determined by Malcolme-Lawes et al(86). The experimental 
HT/DT ratio was tabulated in tables (2.4) and (2.5). 
The first observation is that a sharp contrast exists between the 
theoretical and observed liT. This is especially evident in tables 2.5 
(A,B,C,D and E) where the variation in the recoil loss is most sub-
stantial. 
The second observation is that the lIT/DT ratio remains approximately 
constant and is independent of the recoil loss. The ratio, however, 
increases from 0.03 in the scavenged systems [tables 2.4(A,B,and C)l 
to 0.05 in the unscavenged systems [tables 2.5 (A,B,C,D and E)l. This 
increase is probably due to contri.butions from thermal tritium atoms and/ 
or radiation damaged products. 
----------------
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The third observati.on concerns the results of the systems which 
contain no deuterium (as a reactant). The ICI scavenged samples gave 
HT yields but were two to three times smaller than the theoretical 
values. However, nO HT yields were observed when oxygen was used as 
scavenger in rather larger amounts than IC1. 
The result of this investigation sugges ted that: 
1. Hydrogen was present in the deuterium as an i.mpuri ty and that the 
ratio of HZ/DZ was at least 0.03. This ratio is much larger than 
the manufacturer's stated total impurity of ~ 0.005. 
Z. The low HT yield observed i.n samples containing no deuterium 
(table Z.6B) were produced in the gas phase (and not in the walls 
of the sample ampoule) as a result of the reaction of hot tritium 
atoms with traces of hydrogen impuri.ty present in the gases used 
(Ile-], He-4 and ICI). This opinion is built on the following 
argument. 
a) The observed HT yields were much lower tha:n the theoretical 
values and showed no clear dependence on the recoil loss 
(table Z.6B). 
b) Studies of scavenger competition for recoi.l tritium atoms 
showed that oxygen competes more efficiently than lCl (Chapter 
III, 124). The1Eiore, if the opi.nion is correct (HT produced 
in the gas phase) the oxygen scavenged samples (table 2.6A) 
should give lower HT yields than those of ICl (table 2.6B). 
Considering that the measured acti vi ty of the HT yields in the 
latter case was very low (200-400 counts/peak), it was not 
surprising to detect no activity in the oxygen scavenged systems 
(table 2.6A) especially as the 02/He-3 ratio was twice the 
ratio of IC1/He-3. 
As to the hydrogen impurity in deuterium, the idea; was mentioned 
in 10th symposium of hot atom chemistry (Sept.1979, Loughborough 
Uni.versity) but at that time could not be substantiated by actually 
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Table (2.l,A) 
T + 02 [He moderator and [Cl Scavenger l 
Sample lel 
31le °2 41le Recoil HT/llT Pm PHT 
cm Hg cm Hg cm Ill', cm HI', Loss Obs. Obs. Theor. 
101 3.32 4.87 103.74 0.0 0.222 0.030 0.024 0.00950 
102 3.35 4.78 8l,.23 15.0l, 0.242 0.031 0.026 0.00960 
103 3.33 4.76 67.59 36.73 0.252 0.031 0.024 0.00965 
10l, 3.38 4.77 l,9.17 C,0.18 0.278 0.029 0.021 0.00980 
105 3.35 4.92 43.60 60.4l, 0.278 0.032 0.023 0.00980 
106 3.31 4.66 34.1l, 71.65 0.288 0.030 0.020 0.00990 
108 3.38 4.76 20.26 81.51 0.312 0.033 0.019 0.01l00 
109 3.28 4.70 10.02 97.38 0.319 0.035 0.017 0.01l20 
110 3.34 4.94 5.09 107.01 0.315 0.043 0.017 0.01l20 
Table (2.4B) 
T + 02 [Ar moderator and rCl Scavengerl 
Sample ICl 
31le °2 Ar Recoil IlT/DT Pm PIlT 
cm HI', cm HI', cm HI', cm Ill', Loss Obs. Obs. Theor. 
101 3.57 4.34 106.12 0.0 0.216 0.036 0.025 0.0095 
102 3.28 3.98 79.45 20.19 0.184 0.028 0.022 0.0081 
103 3.30 4.58 65.33 3l,. 67 0.159 0.026 0.018 0.0080 
104 3.31 4.64 50.26 49.85 0.141 0.026 0.016 0.0070 
105 3.24 4.61 39.89 58.82 0.133 0.028 0.016 0.0068 
106 3.23 4.86 30.35 72.33 0.199 0.029 0.016 0.0061 
108 3.36 4.95 20.80 79.51 0.1l4 0.032 0.016 0.0061 
109 3.[,7 4.73 10.44 96.70 0.100 0.034 0.009 0.0058 
110 3.39 4.73 7.58 96.67 0.101 O.Ol,l 0.010 0.0058 
-38-
Table (2. I,C) 
T + D2 [Kr moderator and [Cl Scavelll'.erl 
Sample ICl 
3 He /)2 Kr Recoil HT/DT PHT PHT 
cm HI'. cm HI'. cm HI'. cm HI'. Loss Obs. Obs. Theor. 
101 3.22 4.17 83.26 14.02 0.192 0.027 0.022 0.0082 
102 3.25 4.56 75.11 30.32 0.151 0.026 0.019 0.0017 
103 3.35 4.88 59.39 39.60 0.11,1 0.027 0.019 0.0070 
101, 3.33 1/.53 1,0.17 73.03 0.101 0.023 0.016"" 0.0058 
105 3.49 4.60 27.15 78.39 0.099 0.025 0.012 0.0058 
106 3.28 4.80 18.55 78.28 0.103 0.025 0.011 0.0059 
108 3.26 4.78 15.27 101,.48 0.081 0.028 0.011 0.0050 
109 3.23 4.73 8.63 91..03 0.094 0.031 0.009 0.0056 
110 3.37 4.39 4.62 93.28 0.093 0.039 0.007 0.0056 
Table (2.5A) 
T + D2 [Unmoderated and Unscavengedl 
Sample lC1 
3He D2 Noder- Recoil HT/DT PIIT PHT 
cm HI'. cm HI'. cm HI'. ator Loss Obs. Obs. Theor. 
701 0.0 1.. 57 5.17 o.e 0.989 0.056 0.053 0.050 
702 0.0 1. 97 11.50 0.0 0.951 0.041 0.042 0.036 
703 0.0 1.49 20.76 0.0 0.840 0.037 0.036 0.025 
704 0.0 1.62 42.82 0.0 0.598 0.044 0.01,2 0.016 
705 0.0 1.77 61. 28 0.0 0.439 0.037 0.036 0.0131 
706 0.0 1. 76 81.67 0.0 0.337 0.041 0.036 0.0100 
707 0.0 1.46 106.37 0.0 0.262 0.032 0.030 0.0093 
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Table (2.5B) 
T + 02 [Helium lTIoderatoc, Unscaveng,edl 
3He °2 {, Recoil HT/OT PHT PHT Sample He 
cm Hg cm Hg cm Hg Loss Obs. Obs. Theor. 
1001 1.69 1. 82 10.29 0.989 0.037 0.067 0.049 
1002 1. 67 1. 78 21. 27 0.960 0.046 0.048 0.036 
1003 1. 50 1. 51, lll.02 0.81,0 0.053 0.050" 0.025 
1004 1.60 1. 51, 61. 22 0.685 0.050 0.038 0.0170 
1005 1. 56 1. 51 82.86 0.545 0.060 0.034 0.0130 
1006 1.48 1.72 98.34 0.471 0.056 0.036 0.0125 
Table (2. Se) 
T + D2 [Krypton moderator, Unscavenged] 
Sample 
3He D2 Kr Recoil HT/DT PHT PHT 
cm Hg cm Hg cm Hg Loss Obs. Obs. Theor. 
801 1.49 1.80 5.32 0.79 0.057 0.082 0.023 
802 2.24 3.19 18.52 0.1,57 0.054 0.063 0.0132 
803 2.32 3.30 29.24 0.305 0.01,9 0.058 0.010 
(lOI, 2.78 2.76 44.44 0.207 0.049 0.042 0.009 
805 2.73 2.75 65.43 0.1.1,2 0.040 0.036 0.007 
806 2.32 2.56 86.73 0.108 0.064 0.030 0.0059 
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Table (2.5D) 
T + D2 [Nitrogen moderator, Unscavenged] 
Sample 
3He D2 N2 Recoi.l HT/DT PHT PHT 
cm Hg cm Hg cm Hg Loss Obs. Obs. Theor. 
901 2.33 2.44 4.69 0.971 0.057 0.064 0.048 
902 2.48 2.91 12.n 0.706 0.063 0.060 0.018 
903 2.23 2.25 2L,.96 0.429 0.068 0.061" 0.0120 
904 2.43 2.19 48.99 0.231 0.055 0.044 0.0090 
905 2.49 2.71 66.15 0.172 0.055 0.043 o.oon 
906 2.49 2.62 72.48 0.158 0.05(4 O.OL,O 0.0075 
Table (2. SE) 
T + D2 [Argon moderator, Unscavenged] 
Sample 
3 He D2 Ar Recoil HT/DT Pm PHT 
cm Hg cm Hg cm Hg Loss Obs •. Obs. Theor. 
709 3.71 2.57 6.56 0.842 0.060 0.075 0.025 
710 2.38 2.95 13 .86 0.642 0.048 0.032 0.017 
711 2.54 2.2L, 24.66 0.409 O.OL,O 0.012 0.012 
712 2.13 2.62 L,4.99 0.235 0.045 0.018 0.093 
713 2.27 2.78 n .39 0.139 0.046 0.006 0.007 
7. L, 2.11 2.85 113.06 0.100 0.041 0.007 0.0055 
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Table(2.6A) 
T + WALL [Helium moderator, O2 Scavengerl 
Sample 
O2 3 He 4He Recoil I'''T PHT 
cm HI', cm HI', cm HI', Loss Obs. Theoretical 
401 l,.59 2.46 19.35 0.848 0.0 0.029 
l,02 4.99 2.95 36.55 0.710 0.0 0.019 
1,03 4.61 2.73 61.63 0.555 0.0 0.014 
I,OLI l,.11 2.36 85.96 0.454 0.0 0.012 
405 l,.07 2.63 135.42 0.318 0.0 0.011 
Ar 
501 4.58 2.59 108.31 0.212 0.0 0.009 
Table (2.6B) 
T + WALL [Helium moder.ator, ICl Scavenger] 
ICl 3He l, Recoil PHT PHT ~ x 1015 Sample He 
cm Hg cm HI', cm IIg Loss Obs. Theor. 
601 2.610 4.44 0.0 0.973 0.012 0.049 1.02 
602 2.56 3.31 5.43 0.892 0.0087 0.029 0.99 
603 2.62 3.44 13.29 0.840 0.016 0.0250 1.03 
604 2.70 3.24 30.14 0.703 0.0078 0.0180 0.95 
605 2.66 3.33 . 57.55 0.529 0.0054 0.0135 0.95 
60G 2.58 3.44 78.68 0.441 0.0065 0.0120 1.01 
Table (2.7) 
3 D2 l, HT/DT PIIT PHT Sample ICl He He Recoil 
cm HI', cm Hg cm HI', cm HI', Loss Obs. Obs. Theor. 
701 3.35 4.03 7.12 106.67 0.310 0.053 0.0076 0.0105 
702 2.92 3.89 9.13 100.37 0.326 0.054 0.0084 0.0108 
detecting the hydrogen. However, since then a very sensitive mass 
detector, capable of detecting traces of hydrogen in helium carrier gas 
\Jas obtained and modified (see Analysis). A calibration curve for 
hydrogen was made, then a sample from the deuterium cylinder was injected 
into the chromatographic column. The chromatogram clearly showed a 
hydrogen peak (fig.2.7). The mole fraction of hydrogen was estimated at 
0.032. To ensure that the presence of a relativelY'.large mole fraction 
of hydrogen in deuteriwn was not an individual case, two samples were 
filled with deuterium (from a second cylinder purchased a year later 
than the first), lel, He-3 and He-I, (table 2.7) and irradiated. When 
analysed, the ratio of HT/DT was ""0.05 indicating that the second 
deuterium cylinder contained "'5% hydrogen. Therefore, it seems 
reasonable to assume that no "\Vall HT" is present in our systems, and 
that under adequate scavenging conditions (see Chapter Ill) the HT yields 
produced as a result of the reaction of hot tritium atoms with traces of 
hydrogen (present in scavengers, He-3 and moderators) would be negligible. 
However, the hydrogen impurity in deuterium was substantial (3-5%) 
and appropriate correction will be applied to systems containing that gas. 
J. THE "TUBE-SEALING"DAMAGE AND RADIATION DAMAGE 
(a) "Tube-Sealing" Damage 
The possibility that damage might occur to the components of a 
sample as a result of the tube-sealing process does not appear to have 
been discussed in the literature. In order to investigate that matter 
the following experiment was performed. 
A sample was taken from the stock H2 -D2 
reservoir (the mixture was 
prepared two months earlier) and injected into the chromatographic 
column. The chromatogram (fig.2.8A) showed two peaks corresponding to 
hydrogen and deuterium. 
A quartz sample ampoule was prepared in the usual manner (evacuated, 
heated to bright redness and left to cool) and filled with H2 -D2 (""'90 cm Hg) 
from the same stock reservoir. It was then immersed ina·.·ltquid.n-itrogen 
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dewar and carefully sealed. The sample ampoule was then broken and 
analysed as before. The chromatogram (fig. 2.8B) showed, in addition 
to the peaks of H2 and O2 , a third small peak corresponding to HO. This 
clearly indicates that heat induces isotopic exchange in a mixture of 
hydrogen and deuterium. However, the degree of decomposition would 
obviously decrease with moderation, since smaller fractions of the H2 -D2 
mixture would be exposed to heat. 
(b) Radiation Damage 
Seewald(99) investigated the radiation damage in both systems 
[T + (H
2 
-0
2
) and T + HDl and concluded that no such damage occurred. 
Although he used different irradiation facilities from those used in 
this work, it is felt that the detecti.on of any radiation damage products 
[especially in the T + (H
2
-D
2
) systeml was not possible for the following 
reasons 
(i) Mass spectrometry is not ideal for the detection of low concen-
trations of hydrogen and its isotopes, otherwise it would have 
detected the HO produced from the tube-sealing damage. 
(ii) The mole fraction of H
2
-D2 in the sample (-0.1) was far too low 
to give detectable radiation damage products. 
(iii) Comparing the H2/D2 ratio in the sample before and after irradi-
ation would detect the possible 'depletion of the "2-02' as a 
result of destroying one component more than the other. However, 
if radiation damage takes the form of isotopic exchange, which 
results in the formation of HO, the comparison of the H2/D2 ratio 
would show no damage. 
In this work, a sensitive detector was used to investigate this 
problem. Samples containing"" 95% "2-02' "e-3 and ICl scavenger wer,e 
irradiated and analysed. The chromatogram (fig. 2.9A) showed a hydrogen 
deuteride peak (HO) somewhat larger than that expected from the "tube-
seali.ng" damage, indicating that some radiation damage had taken place. 
The maximum total damage ("tube-sealing" and radiation) i.n the unmoderated 
. I FIG.2.9A FIG. 2.9 B I 
1 
H2-02 
\ HO 
-
I 
> \ E \ 
-
I , 
~- :, I HO tIl , 
«8- i \ Zw I \ \ , \ I I H2 HO L:J~ , I I 
-0:: 
,01" \ I~-II" I Vl~ , I I 
I Vl: , I 
.:0 I , Vlc I 
'1.,,\ «u I 
I I I \ ~ I I I \ , \ I ,. I \ I \ I , \ , I \ ,- H2 , \ lOT \ \ I "-I \ 1I I \ , .~I • • ~ .~ ,,If , ,1 
" 
--~' ." ', ... ",.,t','/' '-
32 28 24 20 16 12 32 26 24 20 16 12 
TIME (min) 
T + 11
2
-0
2 
system was 6%. On the other hand, the T + HO system seemed 
to suffer less damage. Samples containing 95% HO (in addi.tion to He-3 
and lel) showed only minor decomposition products (""2%) in the form of 
H2 and O2 (Fig.2.9B). Whether these were the products of radiation 
damage, "tube-sealing" damage or both, could not be ascertained by the 
author due to difficulties in obtaining a fresh supply of HD gas. 
However, the observed total damage in the moderated samples decrea~ed to 
-negligible traces in the T + HO system and to less than 3% in the 
T + H2-02s y stem. This could be an indication that the "tube-sealing" 
damage waS (at least in the case of T + HO system) the main contribution 
to the total damage in the unmoderated samples. The principal damage 
products in both systems were formed by induced isotopic exchange 
processes. 
K. ANALYSIS 
The analysis section of the apparatus is shown schematically in 
fig~.(2.1) and (2.2). After irradiation, the sample was analysed in a 
series of steps. These were: 
1. Breaking the sample ampoule and injecting its components 
The sample ampoule was cleaned and placed inside the sample breaker 
(fig.2.2). The latter was then attacl1ed to the injection section_, and 
evacuated for ahout 10 minutes. The sample breaker was then closed and 
removed from the vacuum line. It was shaken until the sample ampoule 
was broken. Then an aliquot was passed from the sample breaker into 
the injection volume (YZ) and its pressure noted. The volume (UVXY) was 
evacuated and the helium flow [which had been hy-passing the volume 
(lIVXYZ) and entering the chromatographic column l was diverted to pass 
through the (lIVXY) volume thereby sweeping the aliquot of products into 
the chromatographic column. 
2. Separat ion of products 
The components of a sample were separated in the chromatographic 
column before passing through the mass detector and the gas-flow 
proportional counter. 
The columns used in this work are listed below along with the 
operating temperatures and the products being separated. 
Coltonn 
1. Activated silica gel, 
(8ft long, 0.5 cm diameter, 80-120 
mesh). Activated by flushing with 
low flow of heliwn for 2 hours at 
2400 C and for 8 hours at 360°C. 
2. Activated alumina, 
(8ft long, 0.5 cm diameter, 80-100 
mesh) activated by flushing with helium 
for,-
33 hours at 110°C 
29 hours at 140°C 
3 hours at 250°C 
4 hours at 360°C 
3. Activated alumina coated with Fe 20 J , 
(6ft long, 0.5 cm diameter, 80-120 
mesh). Prepared by treating alumina 
(35 gm) with 55 101 of FeC13 solution (2 M) followed by adding ammoniUm 
hydroxide solution (3 M) in excess 
and shaking for 1 hour. The slurry 
was then washed with distilled water 
several ti.mes and fLltered. The 
filtrate washed again placed in an 
evaporating dish and heated for 48 hour, 
at l200 C. The dried mixture was 
crushed and passed through 80 mesh 
seive and collected in 120 mesh seive. 
Operating 
temp. Products 
P-H2 ,0-H2 , 
HT, D2 , D1 
The columns described above were reactivated, when necessary, by 
simply heating them with a gas-oxygen flame(l25) for a few minutes with 
hel i.um being flushed through. 
The activated alumina collonn was used for most of the samples 
analysed in this work. However, one or two samples of each series were 
analysed by the l'e 203 -coated alumina column. The former colllJJln had an 
excellent resolution power for the two main products in this work, HT 
and DT (fig.2.10). On the other hand, the detection of small amounts 
of hydrogen was impaired due to the ability of the column to resolve 
hydrogen into ortho-and para-hydrogen which in turn obscured and/or 
overlapped with HD. 
3. Macroscopic detection 
In the course of this work two types of mass detectors were employed. 
These were: 
a) Thermal conductivity detector 
It was basically constructed from a matched pair of tungsten fila-
ments (Cow-Mac Instrument Co.) of 18 .tl.each at 300 mA d.c. connected in 
a \;heatstone bridge. The carrier gas flow (helillJJl) was arranged so that 
it passed through the chamber of one filament into the other via the 
injection section and the chromatographic colllJJln. 
The detector was sensitive for the relatively heavy gases such as 
methane and argon and was adequate for hydrogen at room temperature. 
However, it failed to detect adequately hydrogen and its isotopes 
emerging from a colllJJln at liquid nitrogen temperature. This failure is 
inherent in the basic principle on which the detector operates (registering 
the difference in the thermal conductivities of the carrier gas and that 
of the sample). Since hydrogen, deuterillJJl and helium have only slightly 
different thermal conductivities, the response of the detector was 
naturally poor. 
In order to overcome this problem, some workers(125) oxidised 
hydrogen into water vapour before entering the katharometer but that 
resulted in considerable loss in the activity of the tritiated products. 
Others(126-128) used neon as carrier gas but the use of the expensive 
gas on a routine basis is prohibi.tive unless special arrangements are 
made to allow for the re-use of the carrier gas(126). Lindner and Urk 
d . l' . N / . (129) use a relatl.ve y l.nexpensl.ve e lie ml.xture • However, such a 
FIG. 2.10 
resolution of alumina column 
-E 
Cl.. 
u 
-
OT HT 
lJ.J 
t-
« 
a::: 
t-
:z 
::::) 
0 
LJ 
\., lL 
.- T I I I I I I I I I I 
40 36 32 28 24 20 16 
TIME (min) 
mixture is not, to the author's knowledr:;e, r.ead ily available in the U. K. 
These difficulties necessitated the search for a different mass 
detector, the response of which is independent of the thermal conduc-
tivity of the gases concerned. This was found in the 
(b) Catalytic detector 
The detector was constructed from a matched pair of platinum fila-
ments (supplied by the courtesy of NL Baroid Petroleum Services - U.K.) 
and a stable power supply ([ig.2.11) capable of supplying each filament 
(in the Hheatstone bridge) with a maximwn current of 2 amps. The 
detector is operated by "Baroid" on a routine basis (for the analysis 
of hydrocarbons) employing air as a carrier gas. Under normal operating 
conditions, the filaments are red-hot, thus when a combustible gas such 
as methane or hydrogen enters the chamber of the "detecting" filament 
it is oxidised. The heat of combustion changes the resistance of the 
filament, which in turn causes imbalance in the ~heatstone bridge. 
Naturally, the presence of oxygen i.n the vicinity of the filament 
is essential for the combustion process. Therefore, certain modifications 
in the set -up were made in order to achieve our purpose, that is the 
simultaneous detection of both radioactive and non-radioactive products 
of hydrogen and its isotopes in the presence of heli.um as the carrier 
gas. These changes were: 
1. Since oxygen is essential for the operation of the (ietector, two 
equal streams of oxygen were allowed into the chambers of the 
"detecting" and the "compensating" filaments via two hypodermic 
needles. 
2. Normally, the mass detector is situated as close as possible to the 
outlet of the chromatographic column and before the methane stream 
entering the proportional counter. However, due to the oxygen 
quenChing effects on the gas-flow proportional counter it became 
necessary to place the mass detector after (and as close as possible 
to the outlet of) the proportional counter. Although this arrange-
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ment, slightly affects the resolution of the mass peaks, it has 
the advantage of ruling out the possibility of activity loss in 
the tritiated products as a result of the oxidation process(l25), 
3. The arrangement made in (2) rendered it inevitable that methane 
(used for the proportional counting gas) should pass through the 
mass detector. The detection of hydrogen in the presence of a 
J 
continuous stream of methane was achieved by decreasing the filament 
current until it became insensitive to the presence of methane, yet 
sensitive enough to detect hydrogen (since the latter is more 
readily oxidised than the former). However, the presence of 
methane for prolonged periods of time tended to de-sensitise the 
filament. In order to re-sensitise it the helium-methane flow was 
diverted (leaving only the oxygen flow) and the current raised to 
~1.8 amps,(the filament glowed bright red) for 30 seconds. The 
process was repeated twice a day whenever the detector was operated 
on a daily routine basis. When freshly sensitised the detector 
was capable of detecting traces of hydrogen «1 PV uni.t). 
'I. Gas-flow proportional counting 
The helium carrier gas emerging from the chromatographic column is 
joined (via a second arm of a T tube) by the methane stream before 
entering the proportional counter. 
The counter consisted of a stainless steel tube (1.4 cm Ld. and 
14 cm long) contained in a glass jacket as shown in fig. (2.12). The 
stainless steel tube served as the cathode of the counter and a fine 
tungsten wire (0.125 mm), extending along the centre of the cathode, 
served as the anode. The latter was soldered to a BNC plug connector at 
the top end of the glass jacket and wedged into a teflon plug at the 
lower end. 
Two similar counters were connected to each other, in a manner 
that allowed the helium-methane stream emerging from the first (normal) 
counter to directly enter the second (standard) counter before leaving 
mass detector 
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for the catalytic mass detector. The standard counter had a thin film 
of tritiated pOlymer deposited on the inside walls of the cathode. 
A more detailed description of the counter and its characteristics 
is given in references (97) and (98). 
a. Calibrating and operating the proportional counter 
The flow rates of helium (""48 ml/min) and methane ( .... 12 ml/min) 
were measured by a soap-bubble flowmeter and continuously monitored by 
two ordinary (plastic-ball) flo~neters. A plot of the (standard counter) 
"ire voltage vi;. count rate (fig.2.13) was obtained and the operating 
voltage was determined from the plateau (1580 volt). This voltage was 
then applied to the anode of the "normal" counter and the sample injected. 
Pulses from the counter were recorded on a scaler and the count 
rate recorded on a chart recorder connected to a ratenieter. The counts 
present in each peak were determined (by subtracting the total nt@ber of 
counts before the peak from those registered after peak) and corrected 
for the background radiation. 
The absolute activity (A) in each sample for each peak was 
calculated from equation (2.9). 
"here 
A = . .... (2.9) 
N = nwnber of counts present in the peak 
F = flowrate of the counting gas (ml/min) 
Pl = total pressure of the gases in the sample bulb (cm Hg) 
Vl = volwne of the sample bulb (ml) 
P2 = pressure of the aliquot taken from the sample breaker (cm Hg) 
V2 = the standard injection volwne (11.56 ml) 
VJ = the acti.ve volume, of the counter (21.48 ml) 
E = efficiency of the counter ( 0.95) 
At least two aliquots were taken from each sample and analysed. 
The agreement in the absolute activity was "ithin 3%. 
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U. S-spectra and the efficiency of the proportional counter 
Following the publ i.cation of Fermi's theory of heta decay, many 
beta spectra were exami.ned to test the theory. Invariably, workers(132,133) 
reported a positive deviation at the low energy end of the spectrum. 
Conway and JOhnston(131) investigated the tritium beta spectrum and 
noticed a gradual positive deviation extending from 1.2 KeV to 0.2 KeV. 
Furthermore, a large and very sharp positive deviation was observed 
below 0.2 KeV. Hhile the first deviation was attributed to the variation 
of "W' (the energy required to produce an ion pair in the counter gas) 
with beta energy, no explanation could be found for the second but 
larger devi.ation. 
In this work, the tritium beta spectra in the gas phase (photograph 
2.3) and in the tritiated polymer-solid phase (photograph 2.4) were 
obtained using a Laben 400 multichannel analyser. The gas phase 
spectrum clearly showed the positive deviations mentioned in the 
literature. On the other hand, the solid phase spectrum did not show 
the large and sharp positive deviation characteristic of beta energies 
below 0.2 KeV. This observation was not unexpected since some of the 
weak beta radiation responsible for such deviations was probably 
absorbed by the solid film. 
Detel.lnination of the counter efficiency 
The most convenient and accurate method for the determination of 
t he counter efficiency is to use a tritium gas sample of known specific 
activity and to compare this activity with that actually detected by the 
counter. An alternati.ve method is to compare the tritium beta spectrum 
obtained from the counter with the complete spectrum found in the 
literature. However, the presence of the positive deviation phenomenon 
(discussed above) makes an· accurate comparison very difficult. 
In this work, an approximate but realistic compromise of the two 
methods was employed. 
• 
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1. The beta spectrum of the solid phase tri hUIll (photograph 2.3) 
which shm;ed no positive deviation was plotted (fig.2.l4) and 
linearly extrapolated (at the low energy end) to zero. The 
relative areas of the original spectrum and' the extrapolated 
spectrum were determined by tracing each spectrum on a trans-
parent sheet of paper and weighing it. The value obtained (by 
dividing the former value by the latter) was 0.92. This was 
considered as the minimwn efficiency, since the gas phase spectrum 
showed even a larger ' po'r.tion of the low-energy be ta including 
the sharp positive deviation. 
2. P
HT 
yields were calculated for 61 samples (appendix 1) containing 
helium-3 and hydrogen only (originally intended as neutron flux 
monitors). Assuming that the recoil tri.ton ranges, used in this 
work (table 2.2) were accurate, the average value of P lIT should 
reflect the efficiency of the counter. Substituting in equation 
(2.9), the counter effi.ciency (E) was given different values 
between 0.92 (the minimum efficiency) and 1.0. The average P
HT 
value was calculated for each given value of E. The former 
approached unity (0.998) when E was substituted for 0.95. Thus, 
the efficiency of the counter (which was operated under constant 
conditions) was assumed to be 0.95 throughout this work. 
1. ERRORS 
The total error involved in the calculation of a product yield 
consists of various experimental and theoretical errors. These are 
(a) Experimental errors 
(1) Pressure determination: the error involved in this process depends 
on the method and accuracy with which pressure is measured. The 
use of electric manometers in this work eliminated the human error 
encountered in the use of a mercury manometer or the excessive 
zero shift and hystersis observed in spiral gauges. The manu-
facturer's estimated error due to non-linearity and hystersis in 
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the electric manometer was given as +0. ll,%. Thus, the maximwn 
error resulting from filling the bulb with four different gases 
should not exceed 1. 2%. 
(2) Volume determination: The determination of each volwne required 
two pressure measurements. Therefore, the error in each volwne 
determination was 0.28%. The error involved in the bulb volwne 
determination was about 0.6%. 
(3) Irradiation: The determination of the neutron flux "T" is by far 
the largest source of error in this work. The uncertainty in "Tit 
was reported to be as high as 30%(99). However, since a Cobalt 
wire monitor was attached to each sample the error arises mainly 
from weighing the wire and measuring its activity. 
(4) Analysis 
i) Statistical error: This error is inherent in the results due 
to the nature of radioactive decay process. The standard deviation = 
F where "nit is the number of counts observed in a peak. Since 
at least 7000 counts were observed in a peak (except those of wall 
HT experiments) the maximwn error was 1. 2%. 
ii) Aliquot pressure: Since one pressure measurement is made for each 
aliquot the error shoulrl not exceed 0.14%. 
i.ii) Flow-rate measurement: The flow rate of the counting gas was 
measured at the maximum of each peak. The error di.d not exceed 
0.5%. 
The accwnulative error arising from the three steps in addition to 
the possible variation in the counter efficiency was within 3%. 
This was checked continuously by comparing the values of the 
absolute activity calculated from 2 or 3 aliquots of the same 
sample 
(b) Theoretical (calculation) errors 
These errors arise mainly from 
-(iO-
1. Hecoil loss correcti.oll: whtch is dependent on the values given to 
the recoil trition ranges in the variolls gases. [I: is hoped that 
the values of the ranges used in this work are close enough to the 
actual ranges of tritons. 
2. Collision cross section: The absolute values may not be accurate 
but it is hoped that the ratios of these values may be adequate. 
Experimental evaluation of total error 
The samples used in the determination of the counter efficiency 
(Appendix I) were analysed to evaluate the total error. This method was 
more realistic and straightforward than the separate estimation of 
errors in each process. 
The P HT values in the 62 samples (containing He-3 and H2 only) 
were grouped according to their proximity to 1.0. The distribution was 
as follows: 
% Sample 
66.12 
83.86 
95.15 
Hmi ts of Error 
+ 10% 
+ 15% 
+ 20% 
Considering that each of the 62 samples was irradiated separately, it 
is hoped that the error would be lowel; for samples irradiated under 
the same conditions, Le. in the same batch. From the above study, it 
would not be unreasonable to assume that with 80% certainty the error 
falls within + 1.2%. 
CHAPTER III 
SCAVENGER STUDY 
The function of a scavenger in hot atom systems is to react 
efficiently with thermalised tritium atoms and radiati,on produced 
radicals without interfering with the hot reaction being studied(l). 
In the earlier scavenger studies it was generally assumed that the 
small amounts normally used to suppress thermal reacti.ons would not 
affect the yields of hot products(1,24,99). However, later workers 
(89,135,136) showed that under certain conditions (hir.h moderation 
by a substance of low moderating powers) the hot produr.t yields were 
altered due to scavenger competition for the hot tritilllll atoms. 
Since then more attention has been paid to the scavenger effects in 
hot atom systems. Malcolme-Lawes modified the kinetic t:heory in order 
to incorporate these effects(71,72) and calculated the cross sections 
for the reaction of recoil tritium with Br2 (137) and 02 (138) using 
the hard sphere model and the quasi-classical trajector.y technique 
respectively. 
In view of these findings it was felt necessary to re-investigate 
some of the scavengers reported in the li terature in order to 
determine the most suitable scavenger for our system, (T+H2 ) in the 
light of the scavenger competition effects. 
Seewald et al(99,139-141) investigated the efficiency of various 
scavengers (02' Br2 , 12 and C2H4 ) for the recoil tritium reaction with 
hydrogen and with methane in excess ('" 95%) helium moderator. 
Iodine was found to be the most efficient (judging from the position 
and flatness of the plateau region in the scavenger 'curve) 'for the 
T + D2 helium moderated system. Hawke and l,olfgang(142) studied ICl 
and IBr in both systems (T + H2 and T + CH4 ) and found them to be as 
efficient scavengers as iodine. Furthermore, the iodine halides have 
a fairly high vapour pressure (20 torr for lCl and 5 torr for IBr at 
250 C) compared to that of 12 (fraction of a torr at room temperature) 
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\.Jhi.ch mnkes t:heir use more convenient. 
:I'n tllis work, 02' Br Z and lel scavengers were re-t~xamined for 
the T+HZ and 1'+C1111 systems i.n various moderators. The purpose of this 
study was: 
a) to compare our results \.Jith those reported in the literature 
whenever possi bIe and to decide on a scavenger for use in the 
moderati.on studies of the 1'+1I2 system and i.ts isotopic analogues. 
11) to determi.ne the optimlIm amount of scavenger neerlt:~d for the 
moderation study and the degree of scavenger competition (if any) 
at that concentration and finally 
c) to compare the scavenger cucves of the same system (T+H2 or 
T+C1I
11
) in different moderators. 
RESUl.TS AND DlSClISSION 
(A) T+CH4 System 
Oxygen J bromine and iodine monochloride scavengr.!l: curves were 
ohtained in both helium and argon moderators [figures 3.lA, 3.1B and 
3.1C and tables 3 .la-3 .If]. Also an oxygen scavenger curve t~as obtained 
for the unmoderated methane system [figure 3.1 and tabl" 3.1]. The 
true hot yi.elds (the yield uninfluenced by scavenger competition) were 
obtained hy extrapolation of the linear pOction of the scavenger 
curves to zero scavenger. The HT/CIl3 T ratio was determi.ned (from the 
true hot yields) for each scavenger in helilUll moderated and argon 
moderated systems. The results are tabulated (in table 3.0) along wi.th 
some values obtai.ned by other workers. 
Judging from flatness of the scavenger curves (above"'" 1.0% 
scavenger) in figs. 3.1A-3.1C, it seems that all of "the scavengers 
tested in this work (OZ' fir Z and lCl) are effective scavengers for the 
T+CH4 system. HOl<ever, comparing the f1T/CH3T ratio for the various 
scavengers in tahle 3.0 shows the following: 
a) The values of the HT/CI131' ratio nbse,,"ved in this \Jork (for a 
particular system) are generally higher than those observed by 
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Table 3.0 
HT/CI-13 T r.ati.os in various scavenger Ctnrves 
Scavenger: Ill- 2 rCI 
~loderator 
He 
Pur.e 0.95 
3.45,(1. 71)1 
(0.78)1 
(0.M)3 
0.89,(0.6)3 
(0.50)3 
2.57 
(0.75/' 
Ne 
Ar 
Xe 
1.11, 
(0.72) I, 
0.91 
Footnote to table 3.0 
1. reE. (99) 
2 reL (118) 
3 reL (135) 
t, reL (1l,2) 
previous workers. This is probably (lue (at leas t: i.n part) to 
the "wall liT" corrections other workers lIsed to perform, but 
was not made in this work for reasons di.f-icussed 'ill Chapter 11. 
b) Ideally J the true hot yi.elds shnuld be i.ndepend~nt of the nature 
of the scavengee used. This is trlle i.n the case of Br Z and lCI 
scavengers where the IIT/CII3T ratio in the argon mnclerated systems 
(studied in this worl<) are in good agreement. Identical results 
were observed in the Br
2 
scavenged(99) and in the lCl (14Z) 
scavenged pure T+CIl4 systems as well as for 1 Z and Br Z scavengers 
in the Xenon moderat:ed systems. On the other hand, the 0z 
scavenged systems (of this work) gave hi.gher IIT/ellJT values 
than those observed in the coerespondi.ng Br Z an (I lCl scavenged 
systems. The higher IIT/CII3T value in the (02 scavenged) argon 
moderat:ed system could he attrihl.ltf~d to the scavenf')Ol: competition 
effects si.nce at about 5% oxygen tl·H~ :rat io app·co;\i-::hes those 
observed i.n the Br2 scavenged and lel. scavenged systems. The 
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Table 3.1 
T + CH4 
[0 2 scavenger J unmoderatedl 
O2 He-3 CH4 Vel. ~X1015 PHT P CH3T 
2 
cm.Hg cm.Hg cm.Hg c.c. n/cm 
1 1.33 2.46 115.41 13.18 0.85 0.161 0.148 
2 3.03 2.98 120.70 12.52 0.89 0.190 0.195 
3 4.21 2.86 115.48 13.20 0.90 0.211 0.213 
4 5.77 2.96 164.18 11.87 0.89 0.189 0~206 
5 6.63 2.74 115.36 13.54 0.91 0.179 0.193· 
6 7.70 2.88 118.34 12.67 0.91 0.167 0.179 
7 0.0 2.83 118.72 12.69 0.594 0.409 0.256 
Table 3.1a 
T + CH
l1 
[02 scavenger, He moderatorl 
O2 He-3 CIl4 lle-4 Vol. 
~xl015 PHT PCIl T • 
cm.llg cm.llg cm.Hg cm.Hg n/cm2 3 c.c. 
1 0.0 2.59 6.90 121.08 13 .98 1.18 0.293 0.034 
2 0.68 2.83 6.55 118.13 13.91 1.12 0.127 0.032 
3 1. 61 2.44 6.92 119.6 13.4 1.09 0.120 0.033 
4 3.3 2.34 7.23 117.53 13.78 1.11 0.145 0.041 
5 4.78 3.27 6.83 121.16 13.45 1.11 0.120 0.035 
6 6.04 2.40 7.47 123.1 13.93 1.21 0.119 0.031 
7 7.28 2.72 7.37 125.67 13.08 1.15- 0.143 0.028 
8 7.96 2.56 7.31 120.05 13.44 1.07 0.125 0.046 
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Table 3.1b 
T + CH'I 
[02 scavenger, Ar moderator] 
O2 He-3 CH4 Ar Vo1. ~xl015 PHT PCH T 
cm.Hg cm.Hg cm.Hg cm.Hg n/cm 2 3 c.c. 
1 0.0 2.8 7.79 120.16 13.41 1.07 0.190 0.092 
2 0.92 2.79 7.59 120.28 13.42 1.16 0.083 0.081 
3 1.62 4.00 7.70 131.21 14.08 1.04 0.092 0.082 
4 3.36 2.70 7.67 124.25 12.48 1.15 0.081 0.071 
5 2.34 2.34 7.13 118.24 12.98 1.16 0.085 0.087 
6 3.94 3.01 7.33 122.44 14.1 1.18 0.081 0.073 
7 5.4 2.56 7.2 121. 21 14.03 1.07 0.067 0.071 
8 6.94 2.44 7.68 125.36 13.08 1.16 0.068 0.077 
9 7.24 2.49 7.29 128.96 12.83 1.18 0.075 0.076 
10 4.31 2.51 7.35 118.61 13.49 0.611 0.074 0.093 
11 6.53 2.44 6.56 111.31 13.90 0.635 0.067 0.075 
12 10.78 2.66 6.88 121.47 13.08 0.593 0.055 0.068 
Table 3.1c 
T + CH4 
[Br 2 scavenger, He moderator] 
Br 2 He-3 CH4 He-4 Vo1. pxl0
15 PHT PCH T 2 3 cm.Hg cm.Hg cm.Hg cm.Hg c.c. n/cm 
1 0.0 2.59 6.90 • 121. 08 13.98 1.18 0.293 0.034 
2 1.18 3.16 8.75 105.88 12.10 1.02 0.189 0.039 
3 1. 73 3.07 7.94 111. 65 13.28 1.04 0.149 0.034 
4 2.35 3.24 8.57 103.82 12.27 1.15 0.146 0.033 
5 2.89 3.11 8.24 105.15 12.60 1.14 0.140 0.035 
6 3.93 3.32 8.36 102.89 12.70 1.12 0.123 0.032 
7 4.23 3.31 8.06 103.69 13.75 1.09 0.106 0.031 
8 5.00 2.99 8.50 105.48 13.32 1.07 0.114 .0.031 
9 5.80 2.92 7.92 106.07 13.35 1.17 0.117 0.033 
Table 3.1d 
T + CH4 
[Br 2 scavenger, Ar moderatorl 
Br 2 He-3 CH4 Ar Vo1. ~X1015 PHT PCH T cm.Hg cm.Hg cm.Hg cm. fig c.c. n/cm2 3 
1 0.0 2.80 7.79 120.16 13.41 1.07 0.190 0.092 
2 0.57 2.98 7.86 113.65 13.59 0.98 0.116 0.109 
3 1.46 2.84 7.93 101.12 13.58 0.96 0.096 0.107 
4 2.64 2.70 7.71 104.97 13 .87 0.90 0.085 0.095 
5 5.58 3.38 9.27 108.24 11.54 0.93 0.089 0.092 
6 3.80 2.93 7.68 104.02 14.02 0.96 0.070 0.079 
7 6.10 2.85 7.99 105.30 13.32 1.04 0.073 0.080 
8 7.31 3.43 7.58 103.13 14.17 1.08 0.071 0.081 
9 8.68 2.86 8.86 109.45 13.21 1.03 0.068 0.088 
Table 3.1e 
T + CH4 
[IC1 scavenger, Ar moderatorl 
rC1 He-3 CH4 Ar Vo1. ~X1015 PHT PCH T 
cm.Hg cm.Hg cm.Hg cm. fig n/cm 2 3 c.c. 
1 0.74 2.74 8.55 109.80 12.21 0.95 0.097 0.108 
2 1. 78 2.45 9.71 109.64 13.30 0.98 0.098 0.105 
3 2.75 2.58 7.88 104.61 13.43 0.96 0.076 0.086 
4 4.03 3.47 8.63 107.37 12.50 1.06 0.100 0.097 
5 5.05 2.95 8.63 111. 50 12.26 0.96 0.075 0.091 
6 6.18 3.15 8.10 128.82 13.01 0.98 0.076 0.080 
7 7.23 2.98 8.44 111. 26 12.41 1.02 0.066 0.083 
8 4.20 3.43 8.15 118.27 12.87 1.06 0.083 0.090 
9 5.50 3.08 8.26 104.62 12.83 1.02 0.086 ' 0.090 
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discrepancy i.n the helium moderated system is less clenr. The nbsolute 
CH3 T yields are ielen tical for the three scavengers (° 2 , Br 2' lCl) yet 
the HT/CH3T eatio varies widely from 3.84 in the 02 scavenged system 
to 2.57 in the rCl scavenged system. Clearly, the absolute HT yields 
are responsible for these variations whi.ch could be attributed to one 
or more of the following: 
(i) Thermally produced HT resulting from the exchang" iletween T02 
(99) (the scavenging product) and hydrogen present i.n the system • 
(ii) TIle contribution of triti.um ions to the HT yie1.fls in the helium 
moderated systems(99) coule! cause such a phenomenon. However, 
. h ... . I . (114) 
a recent argwnent against t e tr"l tl.llm 1.0n cont'!.') ,H .. tlon 
suggests that this process is not a responsible factor in the 
abnormally high HT/CH3T values. 
(i.i;) The three-body nature of the oxygen scavenging pl:ocess mi.ght be 
the mos t plausi ble explana tion. The following ,.,,~avenger study 
of the T + H2 system also showed an anomaly in tl," t,ehaviour of 
tIle oxygen scavenger which seems to arise from tile three-bocty 
nature of the oxygen scavengine. process. 
(B) The T + 112 system 
Yi.elds of liT as a fraction of the tri tium activi t.y stopped in the 
gas phase and as a function of the mole per cent of sca venger were 
determined in excess of each of three inert moderators: helium, argon 
or krypton. The results are shown as scavenger curves in figures 
3. 2A-3. 2C, for °2 , Br 2 and Iel scavenger respecti vel y. A scavenger curve 
for 02 in the pure system is shown i.n figure 3.2 [and tahle 3.2J. In 
each fi.gure the solid lines indicate the li.near porti.or, of each 
scavenger curve whi.le the thick broken lines indi.cate tile: departure 
f 1·· . . h' d . (71..136) .com l.nearlty conslstent \V'1t lna equate scavenglng . In the 
absence of scavenger, all moderated samples contained approximately 
6-7 mole % "2' 100-110 cm. Hg moderator and 2-3% heliwn-3 and the total 
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pressure was equivalent to 110-115 cm.Hg (tables 3.2a - 3.4b). The 
superimposi tion of the resul ts from l(rypton and argon moderated systems 
in figures 3.2B and 3.2C is coincidental. 
Qualitatively, each of the scavenger curves appears normal(71) 
showing a linear portion exhibiting a slight negative slope and a rapid 
rise towards PHT = 1 at low scavenger concentrations where scavenging 
is inadequate and HT is produced by thermal reactions. The scavenger 
corrected kinetic theory(7l) of hot atom reactions predicts that the 
hot product yield, P., is given by 
1 
2 
( fClr ) 1. -1 ••••• [3.1] 
where Cl = mean logarithmic energy decrement. for collisi ons involving 
hot at'oms 
and 
= probability of collision of hot atom with component c. 
<
El 
= ln E) averaged over collisions between hot atoms (at 
2 
initial energy El) and molecules of component c to produce hot 
atom energy E2 • 
1. = reacti vi ty 
1 
SCX>Pi(E) o E 
integral for formation of product L 
dE, with P.(E) = probability of reaction on collision 
1 
between hot atom. and reactant at collision energy E. 
K' =l~i (E) 
. E 
1 0 
Joo ~P.(E") J J dE" dE 
dE" dE 
with P (E) = probability of reaction on collision between hot atom and 
s 
scavenger at collision energy E. 
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Table 3.01 
"HT yields in different moderators and scavengers 
extrapolated to zero scavenger concentrations" 
po 
Extrapolated HT yields, HT 
Scavenger in helitun in argon/krypton 
"Slopes of 
Scavenger 
O2 
Br 2 
lel 
0.51 (~0.06) 0.30 (~0.04)/0.29 (~0.04) 
0.49 0.30 
0.50 0.30 
Table 3.02 
normalised scavenger 
Moderator 
helitun argon 
1.42 (~0.34) 3.41 
2.42 (~0.29) 2.72 
0.50 (~0.12) 0.80 
curves" 
(~0.82) 
(~0.33) 
(~0.19) 
/0.30 
/0.30 
krypton 
! •• O (~0.96) 
2.72(~0.33) 
0.90(~0.19) 
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When scavenger curves are plotted using f as the abscissa, then, 
-1 s 
for a range of fs over WhiCh(~cr) may be neglected 
s 
dP. 
~ -
dfs - -
f K: 
r ~ 
-2-
cr 
.... (3. 2) 
gives a measure of the extent of scavenger competition for hot atoms. 
Extrapolation of this linear portion of the scavenger C!llrve to f = 0 
s 
yeilds the intercept 
P.O 
1 
f f 2 
= ( :) Ii - ( : ) K. 1 ..... (3.3) 
o 
where P. represents the hot yield which would be observed in the absence 
~ 
of scavenger competition, i.e. if P /E) = 0 for E > threshold for 
reaction between hot atoms and reactant species. 
In the absence of a reliable method for estimati.ng fc values in 
the hot or epithermal energy ranges, scavenger curves are usually 
plotted as a function of scavenger mole fraction, X , (or mole per cent 
s 
as in figures 3.2A - 3.2C). In this case 
dP. 
~ 
dX = 
s 
- A K: 
1 
.... • (3.4) 
represents the slope of the scavenger curve, and A is a constant for 
the system, provided that X is sufficiently small for the relation 
s 
between X and f to be taken as linear. Extrapolation of this slope 
s s 
back to X = 0 will, of course, lead to the same result as equation (3.3). 
s 
As the extrapolated hot yield is predicted to be independent of the 
o 
na ture of the scavenging species, the P HT values determined from the 
curves in figures 3.2A-3.2C should be dependent only on er /cr) and so, 
r 
i.n our systems, only on the moderator used. o The PHT values derived from 
figures 3.2A-3.2C are shown in table (3.01) and clearly the agreement 
between the values obtained from the different scaven[;ers is excellent, 
indicating a "true" hot yield of 'V 0.30 in .the argon 01: krypton 
moderated systems and'" O. 5 in the helium. 
-Hl-
Equations (3.1) and (3.3) may be cOlllhi.ned to give 
P. ::::; p~ 
I. 1 
f f -(~:)(~) le 1. ..... (3.5) 
and yields obtained in dLfferent moderators may be compared by scaling 
the yields so that, for a given scavenger., the scavenger curves in the 
cll.ffct.'p.nt moderators have the same intercept, and so effectively the 
same (fl/a) value. As the a-rgon and krypton curves we ohtained (in Br 2 
and I.Cl and to a ccrtai.l1 extent in 02) Here essentially id(-~nti.cal over 
the linear ranges, we have chosen to scale the yields ohtained in helium 
IIlodt~rator. by 
= 0.60 
The results are shown by the lines marked "scaled He results" in 
fi.(?,ut't:!S 3. 2A-J. 2e. These curves represent the effects of the various 
scaven'gers at an approximately constant value of ([r/('I.) in argon and 
helium moderators. Ln each case it is clear that there is significant-
11Y more scavenger competi.tion in the argon and krypton morlerated systems 
than in those moderated by helium. Tltat is to be expected from 
equation (3. f,), where Ki is independent of the mo<ieratfrr but CXm for 
acgon and luypton is considerably smaller than for helium. 
Both scavenger curves for bromine scavenger [fig. 3. 2RJ s"hot.J 
gt:eater negative slopes than their counterparts for lel scavenger, 
indicating that scavenger competition is more significo.nt in B't'2 
scavenged systems than i.n lel t so that AK1'rr is greater fr.Jr Br 2 than 
for rCI. The effects of varying (f cl [1) for the same system (Ar moderated) 
is shown in fig. 3.2E (and table 3.3a) for the bromine s"avenged system. 
The scavenger competi tion effects (K~ values) ohtained 1.n t:his study 
1 
Hill be consiciered in the moderation studies of the vllcious systems 
eT + H2 , T + ])2' T + 11 2])2 (1:1 mixture) and T + IIIJ) in Chapt:er V. 
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THE OXYGEN ANOMALY 
The curves for oxygen scavenger appear to be anomalous, in that 
there is a greater change of slope in going from helium moderator to 
krypton moderator than is the case in either of the two scavengers 
(Br2 and rCl). The slopes of all curves in figures 3.2A-3.2C are 
collected in table 3.02. 
The anomalous behaviour in oxygen scavenger is more clearly 
demonstrated by comparing the three scavenger curves obtained in helium 
moderator with the three obtained in argon and krypton moderator as 
shown in figure 3.2D. In helium moderator the extent of oxygen scavenger 
competition (i.e. the slope of the scavenger curve) is intermediate 
between the scavenger competition for Br2 and ICl. However, in argon 
moderated and krypton moderated systems oxygen exhibits more scavenger 
competition than either of the other scavengers. Furthermore, the extent 
of scavenger competition in krypton moderator is more than in argon. 
Clearly, the anomaly would persist if the scavenger curves were plotted 
as functions of fs (rather than X
s
)' for any reasonable values of the 
total cross sections, so that One is forced to conclude that for oxygen 
scavenger KHr must be greater in the presence of excess krypton and 
argon than in the presence of excess helium. The definition of K~ (see 
'-
equation 3.1) requires in turn that the cross section for the oxygen 
scavenger competition is d~pendent on the nature of the "inert" moderator. 
While the scavenger competition process in Br2 (and indeed the 
basic scavenger reaction) is assumed to be reaction (3.6)(111) 
T + Br2 -.... TBr + Br' ..... (3.6) 
the mechanism of oxygen scavenger competition is not fully understood. 
While reaction (3.7) is likely to be more important at high energies, 
reaction (3.8) is undoubtedly the dominant process at thermal energies • 
T + 02----1.~ TO + 0 ..... (3.7) 
T + O2 + M~T02 + M ..... (3.8) 
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In thermal systems the H-atom analogue of reaction (3.8) has been 
extensively studied, and is thought to occur by both energy transfer 
and complex formation mechanism(143)(reactions (3.9) and (3.10) res-
pecti vely). 
H + O2 - HO':' 2 . .... (3.9a) 
HO", + M _ HO + M 2 2 ••••• (3.9b) 
O2 + M + M_ °2M + M ••••• (3.10a) 
H + 02M 
---
H0 2 + M ..... (3.10b) 
As the cross section for reaction (3.7) is not expected to be 
sensitive to the nature of any moderating species present, it is 
necessary to consider the likely effects of helium, argon and krypton 
moderators as the third bodies for reaction (3.8) in the epithermal 
and hot regions where scavenger competition effects are !ikely to occur. 
Considering first mechanism (3.9) in which a vibrationally excited 
radical is formed, it is unlikely that such radicals in the present 
hot tritium system will be formed with high translational energies:, 
because of the difference in mass between the reacting species. Thus 
the relative efficiency of the energy transfer process (3.9b) is likely 
to be similar to the relative efficiency of similar processes at 
thermal energies. Ahumada et al(144) have estimated the relative 
deactivation efficiency ratios of HCO'-', HNO'-' and HO~ by argon and 
helium third bodies to be 1. 3, 1. 2 and 1. I respectively, although the 
uncertainties in these values (which were based on coll i.sion rates 
calculated using averaged Lennard-Jones diameters for the radicals) 
must remain rather high. As expected, these estimates indicate that 
the probability of stabilisation of the excited radical by collision 
increases as the mass of the third body increases. Therefore, it is 
expected that (in our system) the effectiveness of the moderator as a 
third body should follow the order He<Ar<Kr in the scavenger 
competi tion process proceeding via the ener'gy transfer mechanism (3.9). 
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The complex formation mechanism (3.10) (145) requires that 
bound states occur in Lennard-Jones complexes. It is unlikely that 
such states would arise with low mass third body, so that the complex 
mechanism should not be important in the helium moderar.ed hot tritium 
system. For higher mass third bodies it has been argued that in both 
H + O2 + M and If + NO + M thermal systems, a partial contribution via 
complex formation to the overall reaction rate exists(l44), and argument 
similar to that put forward in the case of the iodine atom recombination 
reaction I + I + M(l46). Thus any contribution to the scavenger 
competition process in the present hot tritium system occurring via 
complex formation is likely to enhance scavenger competition in the 
krypton (and argon to a lesser degree) moderated system compared with 
helium moderated system. 
From the previous scavenger study, it is concluded that scavenger 
competition is significant in the T + H2 system when Br 2, ICI or 
oxygen are used as scavengers. The extent of this scavenger competition 
is smallest in the case of ICl scavenger, and (for both Rr 2 and ICl) 
can be handled using the scavenger corrected kinetic theory. For oxygen 
scavenger, the extent of scavenger competition varies uith the nature 
of the moderating species in a manner which cannot be simply quantified 
using the existing corrections to the kinetic theory. 
Since ICl showed the least influence on hot product yields, it 
was natural to decide on Lts use as a scavenger in our study of the 
recoil T + H2 systems. 
DECOMPOSITION IN ICl SCAVENGED SAMPI£S 
ICI is known to decompose when exposed to light and in the 
presence of hydrogen the following chain reaction has been suggested(147) 
(l) ICl + hy = I + Cl 
(2) Cl + H2 = HCI + H 
(3) H + ICI = HCI + I 
(4) Cl + ICI = Cl 2 + I 
-85-
(5) I+I+M=IZ+M 
It was also suggested that the pressure ratio of hydrogen to 
iodine monochloride affects the quantum yields of Hel. A reduction 
in that ratio should produce a decrease in the Hel quantt~ yield. 
To check whether such processes occur in our systems, two sample 
bulbs were filled with hydrogen (- 100 cm.Hg) and iodine monochloride 
(- 4 cm.Hg). One of them was wrapped with Al foil and placed in a 
refrigerator while the other was left on a bench in the laboratory 
(i.e. exposed to routine experimental conditions). After about 10 days 
the lel colour disappeared completely from the exposed sample and iodine 
crystals appeared on the vessel walls. On the other hand, the sample 
that was kept in the dark showed no sign of decomposition 40 days 
later. 
In the present study, the highly moderated samples (used in the 
lel scavenger study and in the T + HZ moderation study) showed no sign 
of lel decomposition although no special precautions were taken to 
protect them from exposure to light. On the other hand, the samples 
containing more than ,v 50% hydrogen (in the T + HZ moderation study) 
showed that complete decomposition had taken place On their return from 
th~ reactor. However, when these runs were repeated with the samples 
wrapped in aluminium foil, no sign of decomposition was observed even 
in the unmoderated T + HZ system. Comparing the HT yields of the 
decomposed samples with those of the undamaged samples (AI wrapped) 
showed that the former had a much higher value, an indication of 
inadequate scavenging. 
e) T + HZ - DZ and T + HD systems 
lel scavenger curves were obtained for the T + HD system (fig.3.3A) 
in helium (table 3.6a) and in argon (table 3.6b) moderators. A similar 
(lel scavenger) study was carried out for T + HZ - DZ (1,1 mixtures) 
(fig.3.3B) in helium (table 3.5), argon (tqble 3.5a) and krypton 
(table 3.5b). The HT/DT'ratio of the "true" hot yields and the slopes 
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Table 3.lf 
T + CH4 
(ICl scavenger, He moderator) 
rCl He '-3 CH4 He-4 Vo1. fXl0
15 PHT PCH T 2 3 
cm.Hg cm.Hg cm.Hg cm.Hg c.c. n/cm 
1 0.49 3.08 8.25 101.59 12.83 1. 20 0.108 0.037 
2 0.93 3.12 8.79 104.73 12.61 1.15 0.080 0.032 
3 1.89 3.24 9.22 100.67 12.86 1.12 0.076 0.031 
4 2.59 3.45 8.72 103.58 12.20 1.01 0.085 0.030 
5 3.30 3.03 8.45 99.81 12.73 1.14 0.085 0.030 
6 4.13 3.18 8.44 108.46 12.48 1.13 0.064 0.027 
7 4.47 3.18 8.24 104.77 12.83 1.12 0.073 0.030 
8 4.93 3.11 8.36 109.95 12.77 1.08 0.062 0.028 
Table 3.2 
T + H2 
(0 2 scavenger, unmoderated) 
O2 He-3 H2 Vo1. tXI015 PHT 2 
cm.Hg cm.Hg cm.Hg c.c. n/cm 
1 1.89 2.50 98.20 13.33 1. 04 0.908 
2 3.42 2.57 98.70 12.24 1.01 0.881 
3 4.60 2.50 96.57 13.23 0.94 0.926 
4 6.20 2.81 96.14 13.14 0.94 0.833 
5 6.90 2.71 90.28 14.89 0.94 0.760 
6 8.36 2.76 90.16 14.83 0.92 0.828 
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Table 3.2a 
T + H 2 
(02 scavenger, He modera tor) 
O2 He-3 H2 He-4 Vo1. ~xl015 PHT 
cm.Hg cm.Hg cm.Hg cm.Hg c.c. n/cm2 
1 0.00 2.58 7.05 104.55 12.58 1.08 0.725 
2 0.55 2.36 6.40 100.43 13 .03 1.12 0.719 
3 1.48 2.43 6.74 109.11 14.76 1.16 0.498 
4 2.12 2.53 6.90 109.90 13.20 1.03 0.510 
5 2.77 2.61 6.61 108.40 14.10 l.05 0.487 
6 3.01 2.80 6.43 106.19 14.92 1.18 0.473 
7 3.90 2.53 6.98 116.88 13.13 1.08 0.467 
8 5.55 2.51 7.03 105.58 14.18 1.01 0.418 
9 7.35 2.50 6.34 104.70 14.27 0.956 0.420 
10 0.622 2.49 6.08 88.07 14.88 1. 20 0.707 
11 3.81 2.46 6.73 98.16 12.97 l.14 0.468 
12 5.51 2.62 5.91 88.26 14.84 1.10 0.418 
Table 3.2b 
T + H2 
(02 scavenger, Ar moderator) 
O2 He-3 H2 He-4 Vo1. ~xl015 PHT 2 
cm.Hg cm.Hg cm. Hg cm.Hg c.c. n/cm 
1 3.40 2.88 6.82 100.08 13.58 l.03 0.169 
2 5.53 2.23 6.46 137.64 11.75 0.95 0.166 
3 1.70 2.99 6.96 104.81 12.70 0.93 0.258 
4 0.00 2.52 6.61" 129.01 12.41 1.09 0.483 
5 1.41 2.67 6.55 105.27 12.20 1.05 0.244 
6 1. 97 2.64 6.72 104.58 12.68 loll 0.206 
7 2.65 3.1,1 6.95 108.57 12.66 1.21 0.209 
8 5.23 3.19 6.88 113.63 12.90 1.10 0.154 
9 7.37 2.63 6.83 104.48 13 .10 0.97 0.112 
10 8.23 3.13 7.77 113.20 12.91 1.10 0.072 
11 0.63 2.1,9 5.94 96.53 14.59 0.645 0.326 
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'1'" "le 3.3 
\ T + 112 
( Ill' 2 t;cavenger, lie modt~ra to r) 
Br
2 
lIe-3 fl2 fle-4 Vo1. ~X1015 "liT 2 
cm.lIg ern. Jig cm.llg cm.llg c.c. n/em 
1 0.00 2.81 7.00 99.10 1.3.')1 1.10 0.937 
2 0.57 3.05 5. ()2 101,. (11 13.12 0.926 0.715 
:3 O. Hl 2.70 (l.1.2 99.38 1/, .2li 1.01 O.()12 
(, 1.32 2. (i9 fi.12 102.15 V, • 2R 1. 20 0.1,76 
r, 2.S8 2 • (ill 5.71 102.39 ]/,.21 1. 1.11 0.41,1, 
(, 3.39 2.h5 () .L,8 103. S() 13.L,l 1.14 (I.L,07 
7 4.92 2.H9 6.33 99.01, 14.19 1.05 0.371 
8 5.72 2.82 6.60 106. Ill) 13 . ('5 1.16 0.368 
9 6.58 3.27 7.08 101.60 13.29 1.17 0.304 
10 7.30 2.83 6.90 102.00 13.30 1.10 0.380 
11 8.25 3.06 6.5L, 102.10 13 .15 1.17 0.339 
12 6.68 2.56 6.57 100.80 13.65 1..15 0.329 
13 1..73 2.57 6.6LJ 100.70 13.76 1.17 0.518 
11, 1.1,2 3.02 6.02 101,.95 12.63 1. 06 O.5H 
15 3.58 4 • <)I, ll,.09 116.60 13.02 1. 51, 0.L,04 
16 3.63 3.07 11. 65 115.90 13.38 1. 50 0.402'-' 
17 5.38 2.92 7.04 102.30 13 .38 1.48 0.365 
18 5.35 3.31 11. 95 101,.1,3 12.0B 1. 59 0.396'-' 
19 6.49 3.01, 6.77 105.30 13.63 l. L,3 0.32L, 
.'. Samplf~ containing 10% Kt: in adrlition to helium 
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Table 3. 3a 
T + H 
2 
(Ilr 2 scavenger, Ar moderator) 
Br 2 He-3 H2 Ar Vo1. ~xl015 PHT 2 
cm.Hg cm.Hg cm.Hg cm.Hg e.e. n/cm 
1 0.62 3.01 6.81 98.45 13.53 1.01 0.392 
2 1.37 2.51 6.44 102.38 14.00 0.93 0.309 
3 1.77 2.60 7.51 100.44 13.55 0.88 0.323 
4 2.76 2.75 6.85 110.05 13 .09 1.01 0.263 
5 3.54 3.42 7.57 107.26 12.27 0.99 0.227 
6 4.16 3.83 6.83 nO.98 13 .03 1.03 0.234 
7 5.57 2.28 6.58 104.69 13.72 1.12 0.168 
8 6.98 2.92 7.48 104.69 13.27 1.13 0.153 
9 7.49 2.82 7.31 108.59 13.79 1.13. 0.141 
10 8.45 2.74 7.23 107.15 13.89 1.15 0.118 
11 1.42 3.02 6.01 104.96 12.63 1.06 0.356 
12 0.57 3.05 5.62 104.00 13.12 0.93 0.542 
13 1. 97 2.94 5.94 103.50 13.66 0.91 0.453 
14 2.72 3.41 7.52 123.30 11.32 0.87 0.241 
15 3.92 3.37 6.33 118.62 11.84 0.91 0.196 
... • .... ·: ... bh't ... ':** ... r/(*"t"t .. ': ... ·:"I': ... ·d:1r"lrlt ... ·' 
1 3.90 4.10 6.29 67.33 12.01 1.10 0.260 
2 0.60 3.04 6.28 65.48 13.02 1.02 0.338 
3 1.24 2.95 6.40 68.86 11..85 1.01 0.280 
4 1.92 3.25 6.47 68.09 12.03 0.997 0.323 
5 2.56 3.09 6.25 67.43 12.49 0.967 0.254 
6 3.44 3.28 6.32 70.33 12.24 1.01 0.230 
7 1,.65 3.44 6.48 70.68 11.35 1.02 0.246 
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Table 3.2c 
T + H2 
(02 scavenger, Kr moderator) 
O2 He-3 H2 Kr Vo1. ~xlO15 PHT 
cm.Hg cm.Hg cm. fig cm. fig e.c. n/cm2 
101 0.75 3.04 6.10 88.35 13.30 0.949 0.237 
102 1.65 3.28 6.54 99.54 12.51 0.987 0.207 
103 3.83 3.12 6.67 105.90 11.96 1.16 0.132 
104 4.68 2.50 6.74 99.24 12.69 1.04 0.117 
105 2.20 2.96 7.78 94.13 13.23 1.22 0.222 
106 5.50 3.26 6.76 101. 94 11.87 1.16 0.115 
107 5.24 3.45 6.73 95.94 12.98 1.11 0.108 
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Table 3.3b 
T + H2 
(Br2 scavenger, Kr moderator) 
Br2 He-3 H2 Kr Vo1. 
~xl015 PHT 
cm.Hg cm.Hg 2 cm.Hg cm.Hg c.c. n/cm 
901 0.0 2.79 8.00 107.44 13.09 1.46 0.775 
902 0.32 3.36 7.01 106.41 12.43 1.36 0.399 
903 0.74 3.32 6.81 105.66 11.67 1.36 0.294 
904 1.29 3.12 6.97 107.30 12.76 1.35 0.288 
905 1. 76 3.19 7.00 126.10 12.77 1.38 0.255 
906 2.57 3.32 7.08 106.71 11.75 1.45 0.239 
908 3.11 3.89 7.28 103.32 11.64 1.39 0.244 
909 3.74 3.01 7.00 104.52 13.44 1.40 0.233 
910 4.45 3.51 6.97 105.16 12.31 1. 50 0.206 
911 5.10 3.85 6.92 107.15 12.41 1.49 0.203 
912 6.00 3.31 7.01 108.22 12.03 1.50 0.200 
Table 3.4 
T + H2 
(lCl scavenger, He moderator) 
rCl He-3 H2 He-4 Vo1. txl015 PHT 2 
cm. Hg cm.Hg cm.Hg cm.Hg c.c. n/cm 
321 0.58 3.14 8.27 102.64 11.70 0.94 0.681 
322 1.36 2.80 7.62 • 104.12 12.52 1.05 0.591 
323 2.50 2.84 7.27 103.36 13.51 1.04 0.575 
324 2.03 3.37 7.84 100.2 12.54 1.15 0.549 
325 3.16 2.87 7.56 102.96 13 .07 1.12 0.515 
326 3.8 3.00 7.83 104.34 12.53 1.13 0.513 
327 4.57 3.54 8.11 105.68 11. 88 1.00 0.461 
328 5.06 3.12 7.97 105.72 12.37 1.17 0.466 
329 5.47 3.06 7.80 102.68 12.78 1.18 O.44l, 
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Table 3.4a 
T + H . 2 
(le1 scavenger, Ar moderator) 
le1 He-3 H2 Ar Vo1. ~X1015 PHT 
cm.Hg cm.Hg cm.Hg cm.Hg n/cm 2 c.c. 
311 0.70 2.94 7.27 103.87 13.49 1.08 0.336 
312 1. 52 2.86 7.31 105.55 13 .43 1.02 0.304 
313 2.22 3.17 7.77 105.29 13.55 1.06 0.288 
314 2.80 3.33 7.43 105.34 13 .66 0.98 0.290 
315 3.70 3.11 7.59 110.46 12.77 0.97 0.262 
316 4.35 2.88 8.79 105.19 12.54 0.96 0.296 
317 4.76 3.44 7.95 103.09 12.32 1.07 0.263 
318 5.10 3.12 7.94 106.44 12.20 1.04 0.258 
319 3.23 2.85 7.23 105.38 13.49 1.02 0.281 
Table 3.4b 
T + H2 
(le1 scavenger, Kr Moderator) 
le1 He-3 H2 Kr Vo1. ~Xl015 PIIT 
cm.Hg cm.Hg cm.Hg cm.Hg c.c n/cm2 
801 0.43 3'.03 7.38 103.65 12.93 1.00 0.383 
802 0.62 3.12 7.77 110.99 13.82 0.962 0.328 
803 1. 24 3.18 7.78 107.69 14.05 0.907 0.319 
804 1.74 3.27 7.23 102.70 12.78 0.963 0.275 
805 . 2.36 2.99 7.87 103.20 12.85 0.834 0.301 
806 3.06 3.34 7.68 106.97 13 .24 0.906 0.283 
808 3.62 3.18 7.79 108.44 12.55 0.760" 0.324 
809 3.92 3.21 7.44 103.84 12.80 0.740 n.293 
810 4.82 3.32 9.55 111.21 12.30 n.728 n.308 
I 
""' c-I 
I \ 
\ P. \ , FIG. 3,3 A 
\ HrT" I Cl scavenged HO IHe I Ar I 
0,3 ,0 " " 
r---...1~ - - - ~~~ 
, I 
OT • 0 
HT • 0 
--- --- -- "-
--
0,2 
0,1 
0/0 scavenger 
1,0 2,0 3,0 4,0 5,0 6,0 
P: I FIG. 3,38 ~'l . ICl scavenged HiD2 0,3 " , 
1~' 
" 
HT OT 
He V 0 
Ar . A 0 
---
-- -
---
Kr 0 • 
0,2 
I ...... 
~ 
, ' ... 
'" I ~ ... 
- - -
0,1 
0/0 scavenger 
1.0 2,0 3,0 4,0 5,0 6,0 
-95-
of the normalised scavenger curves are tabulated in tahle (3.03) and 
table (3.04) for the T + H2 - O2 and the T + HD systems, respectively. 
In both systems, the HT/DT ratio seems to decrease in going from 
helium to argon or krypton moderators. These effects are due to the 
nature of the inert moderators and will be discussed in the following 
chapters. 
The slopes of the scavenger curves increase in the heavier 
moderators due to scavenger competition effects discussed in the 
previous section. 
Effect of time on Br2 scavenged H2- D2 system 
During the course of this scavenger study, an unintentional delay 
in the analysis of some batches of Br2 scavenged (and argon moderated) 
samples gave unexpected results. 
A Br 2 scavenger curve (fig. 3.4A and table 3.7) showed that the 
DT yi.elds were higher than the HT yields (contrary to results obtained 
in the lel scavenger curves reported above and in the li.terature(l42)). 
A similar result was observed in a (Br2 scavenged and argon moderated 
T + H2- D2) moderation study (fig. 3.4B and table 3.7a) when samples 
were analysed three months after irradiation. However, when the above 
experiment (moderation study) was repeated (table 3.7b, fig. l.4B) 
and the samples analysed about one week after irradiation, the HT and DT 
yields were reversed (HT;>DT) and became comparable to the ICl scavenged 
systems reported in this and other works using I (99) and ICl (142) 
2 
scavengers. 
This effect clearly indicates that a thermal reaction occurs in 
the presence of bromine (even in the dark) which facilitates isotopic 
exchange processes that favour the depletion of the HT yields to enhance 
the DT yields). The reason and mechanism of such processes are not 
known. However, more attention should be given to them whenever the 
bromine is used as a scavenger. 
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Table 3.03 
"Extrapolated IIT/IlT yields (P~T/I'~T) & the slopes of 
normal i.secl scavenger curves i.lI the T+H2 -D2 (1: 1) 
system" 
Noderator IIT/DT Slopes liT DT 
lie 1.0/,2(2:.°. 06 ) 0.37 (2:.°. 08 ) 0.37 (1-0.08 ) 
Ar: 1.01,0(2:.°. 0 (; ) 0.63 (£.0.12) 0.69 (2:.0.14) 
Kr 0.982(2:.0.06) 0.63 (2:.0.12) 0.63 (2:.0.12) 
Table 3.04 
"Extrapolated HT/IlT yields £, the slopes of normalised 
scavenger curves in the l' + HO system" 
Moderator HT/DT Slopes HT ])T 
He 0.93 (2:.0.06) 1.0 (::°.21, ) 1.10 (2:.°. 24 ) 
Ar 0.81 (2:.0 •04 ) 1.32 (2:0.32) 1.30 (::0.32) 
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Table (3.6a) 
(1' + HD j He moderator & IC1 scavenger) 
lC1 He-3 HD He-4 Vol. ~X10~5 PHT I'DT 
cm.Hg cm.Hg cm.Hg cm.Hg c.c. "fcm 
101 0.0 3.182 5.152 97.32 12.52 0.928 0.394 0.l,18 
102 0.653 3.223 4.571 95.496 12.48 0.915 0.318 0.340 
103 1. 222 3.161 4.903 92.01 12.86 0.91 0.284 0.309 
104 2.25 3.443 5.451 93.051 12.01 0.863 0.219 0.237 
105 3.00 3.092 5.102 92.07 12.58 0.904 0.191 0.225 
106 3.85 3.086 5.06 93.27 12.84 0.966 0.206 0.216 
107 4.66 3.411 5.116 90.85 13.02 1.01 0.184 0.204 
Table (3.6b) 
(T + HD; Ar moderator & IC1 scavenger) 
lC1 He-3 HD Ar Vol. PX10;5 PHT I'DT 
cm.Hg cm.Hg cm.Hg cm.Hg c.c. nfcm 
101 0.0 3.180 6.266 122.67 12.69 0.958 0.393 0.321 
102 0.580 3.080 6.484 97.80 12.50 0.986 0.180 0.208 
103 1.150 3.507 6.503 100.43 12.20 0.925 0.129 0.161 
104 1.180 3.326 6.686 100.37 11.98 0.972 0.138 0.154 
105 1.960 3.687 6.284 102.52 11.94 0.861 0.121 0.156 
106 1.964 3.297 6.300 95.25 13.05 0.896 0.123 0.162 
107 2.670 3.227 6.121 97.37 12.61 0.817 0.108 0.147 
108 3.50 3.231 5.862 98.30 12.47 0.880 0.107 0.142 
109 4.25 3.236 5.906 98.43 12.47 0.930 0.094 0.126 
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Table 3.5 
T+H2 -02 
(lel scavenger, He moderator) 
lCl He-3 H -0 He-4 Vol ~XI015 PHT POT 2 2 2 
cm. Hg cm.Hg cm.Hg cm. Hg c.c. n/cm 
101 0.00 4.01 6.29 96.71 12.67 1.13 0.337 0.331 
102 0.75 3.87 6.22 95.14 12.92 1. 23 0.298 0.297 
103 1. 52 3.95 6.18 94.11 12.96 1.15 0.253 0.251 
104 2.29 3.95 6.33 95.32 12.90 1.14 0.237 0.235 
105 3.03 3.90 6.35 93.13 13.32 1. 20 0.218 0.209 
106 3.90 4.04 6.51 95.81 12.90 1.13 0.224 0.211 
107 4.82 4.07 6.72 96.90 12.83 1.13 0.215 0.211 
Table 3. 5a 
T+H2-D2 
(lel scavenger, Ar moderator) 
ICl He-3 H2-02 Ar Vo1. ~Xl015 PIIT PDT 2 
cm.Hg cm.Hg cm.Hg cm.Hg c.c. n/cm 
101 0.00 4.03 6.24 90.74 13.02 1.27 0.172 0.163 
102 0.89 3.96 6.08 89.11 13.56 1.09 0.137 0.139 
103 1.85 4.09 6.23 91.86 12.92 1.08 0.119 0.119 
104 2.32 3.49 6.36 93.62 12.73 1.11 0.114 0.107 
105 2.92 3.87 6.26 87.93 13.33 1. 23 0.115 0.107 
106 3.67 3.81 6.76 99.59 11. 95 1.16 0.109 0.103 
107 4.88 3.62 6.50 97.00 12.35 1.26 0.101 0.093 
Table 3. 5b 
T+H2-D2 
(lel scavenger. Kr moderator) 
lel fle-3 H2-D 2 Kr Vol pXl0
15 
P liT PDT 2 
cm. fig cm. Hg cm. fig cm. Hg c.c. n/cm 
101 0.00 3.76 6.74 92.82 11.89 1.25 0.146 0.152 
102 0.87 3.62 6.60 89.37 12.46 1.25 0.142 0.142 
103 1.95 3.51 6.47 89.68 12.78 1. 29 0.124 0.127 
101, 2.31 3.45 6.45 89.80 13 .08 1.07 0.121 0.128 
105 3.39 3.34 6.57 89.91 13.22 1. 23 0.116 0.117 
106 4.56 3.08 6.81 90.77 13.25 1.23 0.101 0.111 
'107 4.26 3.10 6.76 95.09 12.1,7 1.18 0.092 0.094 
-101-
Table 3.7 
T+H -0 ,', 2 2 
(Br2scavenger, Ar moderator) 
Br2 He-3 H2-02 
Ar Vo1. ~Xl015 PHT POT 2 
cm.Hg cm.Hg cm.Hg cm.Hg c.c. n/cm 
1 0.00 3.24 7.79 108.71 12.68 0.900 0.527 0.536 
2 0.95 3.16 6.10 111.85 12.79 0.900 0.228 0.250 
3 0.48 3.11 6.36 118.58 12.16 0.881 0.253 0.273 
3 1. 74 3.04 6.00 111.4l1 12.49 0.972 0.155 0.172 
5 2.50 3.04 6.09 121. 89 13 .15 0.982 0.139 0.155 
6 3.15 3.23 6.39 110.44 12.87 0.923 0.140 0.156 
7 {I. 05 3.09 6.19 113.69 12.85 1.050 0.131 0.149 
8 {1.74 2.98 5.94 113.09 13.13 1.020 n.124 0.138 
9 5.55 3.03 6.25 111. 97 13.91 0.942 0.128 0.141 
10 6.46 3.03 6.00 112.67 12.81 0.962 0.125 0.139 
-:. samples analysed three months after irradiation 
Table 3. 7a 
(T + H2-02 , moderation study)'" 
Br 2 He-3 H -0 Ar Vo1. ~xlO~5 PIIT POT 
cm.Hg cm.Hg c~.Hg cm.Hg c.c. n/cm 
101 3.55 3.05 97.61 0.00 12.78 1.01 0.443 0.481 
102 3.78 3.09 87.13 15.41 12.43 0.99 n.474 0.510 
103 3.69 3.11 70.37 32.30 12.21 0.96 0.386 0.410 
104 3.70 3.10 45.67 66.34 12.68 1.05 n.313 .0.341 
105 3.66 3.34 54.98 52.14 11.66 0.96 0.310 0.338 
106 3.79 3.04 40.03 62.85 12.83 1.08 0.290 0.318 
107 3.79 3.19 30.08 • 71.58 12.60 1.05 0.280 0.300 
108 3.85 3.09 26.68 78.66 12.62 0.99 0.292 0.323 
109 3.76 3.09 20.12 84.06 12.65 0.92 0.230 0.249 
110 3.67 3.13 10.89 93.58 11. 62 0.96 0.194 0.218 
111 3.81 3.1.7 5.15 111.49 13.01 0.99 0.027 0.029 
112 3.62 2.94 2.08 120.56 12.30 0.93 0.073 0.082 
,', samples analysed three months after irradiation 
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Tah1e 3.7b 
(T + H -0 2 2' moderation study)'" 
Br2 He-3 H2-02 Ar Vol. 
tX1015 PIIT POT 2 
cm.Hg cm.Hg cm.Hg cm.Hg c.c. n/cm 
101 3.57 3.30 103.54 0.00 11.81 0.92 0.508 0.383 
102 3.46 3.30 80.66 16.80 13.17 0.98 0.387 0.320 
103 3.45 3.89 64.05 34.95 13.00 0.94 0.355 0.309 
10l, 3.56 3.62 38.90 l,9.79 13.10 0.92 0.357 0.312 
105 3.42 3.72 35.50 63.36 13.25 0.94 0.320 0.291 
106 3.43 3.78 27.93 78.06 13.28 0.88 0.283 0.261 
107 3.39 3.80 14.82 82.66 13.41 0.91 0.218 0.193 
108 3.50 4.14 10.03 121.10 12.56 0.81 0.173 0.154 
109 3.42 3.85 3.40 97.72 13.08 0.84 0.099 0.089 
-;, samples analysed one .. eek after irradiation 
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CONCLUSION 
The results of our scavenger study lead us to the following 
conclusions: 
A) lCl seems to be the most effective scavenger. In the T+H2 system, 
the extent of scavenger competition (Kin,) for the lel is smallest, 
thus ensuring minimum interference in the hot product yields. 
Furthermore, the study showed that lCl scavenger !Jas more 
effective than bromine and oxygen in the T+CH4 system especially 
when helium was used as the moderator (judgi.ng from the lower 
HT/CH3T value obtained in the lCl scavenger curve). 
B) Although bromine -·seems to be effective scavenger i.n both systems 
(T+CH4 and T+H2 ) its use in the moderation studies (Chapter V) 
was limited due to the following: 
(i) The extent of Br2 scavenger competition was larger in the 
T+H2 system than in the case of lCl scavenger. 
(ii) The fact that bromine facilitates certain thermal isotopic 
exchange processes which in the case of T+1I2D2 (1:1 mixture) 
significantly changes the HT/DT ratio with time (a factor 
that cannot be controlled due to the nature of the experi-
mental procedure). 
C) The use of oxygen scavenger was ruled out in the morleration studies 
because the scavenger 'competition effects for oXyg"n (unlike lel 
and Br 2)cannot be handled using the existing corrections to the 
kinetic theory. 
D) The optimum amount (mole per cent) of scavenger required for 
effective scavenging in the moderation studies (Chapter V) was 
determined as a result of the following considerations: 
(i) In the highly moderated system a large fraction of the 
initial hot atoms escapes hot reaction and reaches thermal 
energies where it is scavenr,ed. Therefore, these systems 
require larger amounts of scavenger than e.g. the unmoder-
ated systems where virtually all the hot atoms react in 
the hot region. 
(ii) Since the scavenger curves obtained in this study were 
obtained for highly moderated systems (_ 90,%) and since 
(iii) 
the extent of scavenger competition is most significant 
in these systems (highly moderated) it seems appropriate' 
to determine the optimum amount of scavenger (required 
for the moderation studies) from these curves. It is in 
these systems that a compromise should be found between the 
two equally critical factors of adequate scavenging and 
scavenger competition. 
The scavenger curves (figs. 3.2A-3.2C) show that the helium 
moderated systems generally require more scavenger (to 
scavenge all the thermal HT) than the Ar and Kr counter-
parts. For example, in the ICI scavenger curve (fig.3.2C) 
the linear portion of the curve starts at ailout 2.5% in 
the helium moderated system and at about 1 % in the argon 
moderated system. 
(iv) In order to ensure that all the systems (i.ncluding the He-
moderated) are adequately scavenged and hearing in mind 
that some samples - in the moderation study - contain more 
than 95% moderator, the minil"um amount of [Cl scavenger 
should be higher than the 2.3% observed in the helium 
moderated system (fig.2.3C). Thus _3% ICl. scavenger was 
used in all the runs of the moderation study. A similar 
figure was used in the bromi.ne scavenged moderation series. 
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CHAPTER IV 
THEORETICAL MODELS 
The princi.pal aim of this work is to compare theoretical predic-
tions of hot reaction yields with experimental results of the reaction 
of recoil tritium with hydrogen and its isotopic variations. In this 
chapter we shall discuss the tools and techniques with which theoret-
ical predi.ctions are made. 
A) The Calculation of Excitation Functions 
The excitation function of a hot chemical reaction, may be obtained 
by a variety of methods depending on the required accuracy and the 
available computing time. The sophisticated calculations are invariably 
based on classical trajectory methods on potential energy surfaces and 
have been extensively employed in the study of the isotopic exchange 
t (36-39,80,112) reactions in the hydrogen sys em • These methods, while 
accurate, are complicated and expensive in terms of computation time. 
On the other hand, simple but crude models based on hard-sphere approx-
imation (in the collision process) have been developed. Suplinkas et 
al(5l) described a kinematic model which compared well with more exact 
theoretical treatment(38) for the hydrogen system but failed to produce 
satisfactory results for the T + RH system. 
(70) Malcolme-Lawes developed a highly simplified model of hot 
tritium reactions (based On the hard-sphere approach of the kinematic 
model) which proved useful in our understanding of gas phase recoil 
tritium reactions with hydrogen and methane. 
The model predicted excitation functions for the reactions:-
T + H2 -. HT + H 
T + D2 -.. DT + D 
..... (4.1) 
..... (4.2) 
which were in surprisingly good agreement with functions obtained by 
classi.cal trajectory studies on semi-emrirical potential energy surfaces 
(36-38 ) Furthermore, the yields predicted for recoil tritium reactions 
-10(,-
with H2 and 02 and the isotope effect predicted for eqlli.molar H2-D2 
mixtures were in good agreement with experimental values previously 
obtained by Seewald et al (93). 
However, the isotope effect predicted by the model for the reaction 
of tritium with HD 
T + HD--DT + H ..... (4.3a) 
-HT + D ..... (4.3b) 
were in sharp disagreement with the experimental values(93). The 
excitation functions predicted by the model for these reactions were 
also quite different from those obtained by the classical trajectory 
technique as shown in fig.4.1. 
In this work, we have re-examined the simple hard-sphere model 
(and in particular the criteria used to determine the outcome of an 
atom/molecule collision) in order to introduce modifications that might 
lead to satisfactory results for the T + HO encounters. 
The Model 
The model is described in tl;e literature in some detail(70). 
However, a brief outline of the basic assumptions will be discussed 
below. 
For atom/diatomic molecule encounters, the model assumes that the 
atoms of the target molecule (1 and 2 in fig.4. 2a) are at rest 'and 
tha t the hot atom (atom 3), 'wi th energy E , collides wi th one of these 
o 
atoms. On collision, hard~sphere energy transfer takes place and 
kinetic energy is transferred to atoms (1) and/or (2) as governed by 
the laws of conversation of momentum and energy. After the collision 
(and any chatter that occurs) the three atoms are moving apart as 
shown in fig.4.2b. 
The relative kinetic energy of each pair of atoms (E .. ) is then 
1J 
calculated from equation (4.4) and used as the basis for determi.ning 
the outcome of the collision. 
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l,Lt 2 
-2··(V.-V.) 1J -1 -J .... • (4,1,) 
whercJ1 .. 1J is the reduced mass of diatom ij, V. and V. are the velocities -1 -.1 
of atom i and atom j (respectively) after collision. 
In our example (fig.4.2b) atoms 3 and 1 are in contact, as are 
atoms land 2, so that E12 and E13 are evaluated using equation (4.4). 
Now if E13 > DU 
, 
(where D is the dissociation energy of the normal 1-3 bond) 13 
then it is assumed that no 1-3 product is formed. Simil.arly, if 
then no 12 product is formed. Clearly, if both E13> 0u and E1.2 > °12 
then no diatom product is formed and the result of the colli.sion must 
be dissociation: 
T+HD-.T+H+D ••••• (4.5) 
The outcome is more difficult to predict: if both E .. < D ..• 
1.1 1J 
In that case a decision must be made on the basis of some quite 
arbitrary criterion. 
The original criterion of the model calculated a probability for 
the formation of the two possible products by assuming I:hat (in our 
example collision) 
where P23 is the probability of the 2-3 diatom being fanned. 
Similarly 
••••• (4.6) 
..... (4.7) 
As we have seen, this assumption gave reasonable results for T + H2 
and T + D2 but was apparently inadquate for T + liD, in that it resulted 
in an overestimate of the probability of formi.ng. HT: 
In the search for an alternati.ve criterion, the study of classical 
trajectory calculations showed that (for hot atom reactions) an 
i.mportant parameter governing the efficiency of a substi. tution reaction 
is the velocity with which the substituted atom departs from its original 
partner (compared with which the hot atom rebounds from its cOllision 
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partner). Thus it seemed reasonable to modify the probability 
equation (4.2) so that it takes into account the mass of the "departi.ng" 
atom in relation to the mass of the diatomi.c molecule. 
\Ve examined a number of ways of doing this, and some of the 
promising modifications required that the probability of forming a 
product (P12' P13 or P23 from our example collision) should be wri.tten 
as follows, 
P12 (D12 - E12 ) x 
Ml x M2 
= N3 
••..• (l •. Ba) A) 
P13 =(D13 - El)) x 
Ml x M3 
N2 ..... (l •• Bb) 
P23 (D 23 - E23 ) x 
M2 x N3 
= 
Nl 
..... (4 .. 8c) 
B) P12 (D12 - E12 ) x 
Ml + M2 
= M3 
..... (4.9a) 
P13 = (DU - E13 ) x 
Ml + M3 
M2 
••••• (4.9b) 
P23 = (D23 - E23 ) x 
M2+ M3 
Ml 
.... • (4.9c) 
C) Pl2 = (D12 - E12 ) ..... (4.l0a) 
Pl3 (DU - E13 ) x 
MI x M3 
= 
M2 
•• ; •• (4. lOb) 
P23 = 
(D
23 - E23 ) x 
M2 x M3 
MI 
..... (4.1Oc) 
The modified criteria (A) and (B) gave approximately similar 
results. The calculated excitation functions for the T + HD reaction 
showed energy dependencies whi.ch were i.n excellent agreement with those 
obtained from classical trajectory methods(148). The isotope effects 
were in reasonable agreement with the published experimental values of 
Seewald et al(93). Furthermore, the magnitudes of the excitation 
functions predicted for the T + H2 and T + D2 have increased (coming 
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closer to those obtained by the trajectory methods) as a result of 
\lsing these criteria (A and B). 
In order to check the validity of these morlificati.ons (criteria A 
and B) over a wider range of diatomic molecules the modi.fied model was 
applied to the following reactions; 
T + HF-.FT + 11 ••••• (4.11a) 
~IIT + F .... • (4.l1b) 
T + Br2~TBr + Br ••••• (4.1.2) 
T + 02 .... TO + ° .... • (4.13) 
The excitation functions of the T + IIF reaction (4.11) were in good 
agreement with those obtained by using more exact (trajectory) methods. 
lIowever, comparing the excitation functions produced by the modified 
hard-sphere model with those obtained by classical trajectory methods 
(110) (111) for the T + 02 and T + Br 2 systems showed tha t there was a 
good agreement in the energy dependencies but a sharp disagreement in 
the absolute magnitudes of the excitation functions (the hard-sphere 
model produced excitation functions that were 10-100 times smaller). 
The failure of criteria (A) and (B) to produce satisfactory results 
for the T + 02 and T + Br2 systems led us to consider criterion (C) 
which represents a compromise between the original criterion and 
cri terion (B). 
The results produced lly the modified hard-sphere model produced 
excitation functions that were in surprisingly good agreement with those 
obtained from classical trajectory calculations (on semi-empirical 
potential energy surfaces) for all reactions examined in this work. 
It should be noted that criterion (C) represents a significant 
departure from the basic assumption of the original model in that it 
distinguishes between reactive and non-reactive collisions in the 
following manner. 
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(i) For non-reacti.ve collisions (whi.ch include both scattering and/or 
dissociative processes) the original criterion of equation (4.10a) 
is adequate in determining the fate of the target diatomic mole-
cule (1 and 2 in fig.4.2b). Thus when 
En> 013 and E12 > 012 
the result (of the collision) is dissociation of the struck mole-
cule as expressed in equation (4.5). On the other hand, if 
En (or E12) < Er where Ef = activation energy 
the collision would result in the scattering of the hot atom (3) 
leaving the target molecule (12) unaffected. 
(ii) For reactive collisions, the original criterion (expressed in 
equation 4.10a) is nO longer adequate, especially for the reaction 
of tritium atom with HO and HF. The relative masses of the newly 
formed product (13 or 23 in fig. 4.2b) and the departing atom (2 
or 1) play an important role in determining the excitation 
functions of a certain product. 
The fact that cri.terion (C) succeeded in producing the best 
results so far (and indeed results that were in surprisingly good 
agreement with mOst exact calculations) over a "ide range of reactants 
justified its use in the theoretical calculations of our systems. 
The excitation functions for the translationally excited OT and HT 
molecules were obtained using the original criterion of the model • 
HT", + M -.11 + T + M 
OT", + M -.. 0 + T + M 
• • • • • ( 4 • 14 ) 
..... (4.15) 
These reactions (dissociation) fall under the non-reactive 
cOllisions of cri.terion (C) and therefore would not be affected by the 
modification. 
RESULTS 
A FORTRAN program (Appendix 11) "as used to calculate the reaction 
cross section (A02 ) as a function of the (centre of mass) energy of 
the hot tritium atom (eV). The latter was plotted on a logarithmic 
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scale so that the area under the curve would be proporti.onal to the 
reactivity integral term (1) used in the kinetic theory analysis of 
exper.imental results. The reactions investigated were: 
1) T + H2 ~ HT + Il 
2) T + D2 ., DT + D 
3) T + HD .. HT + D 
.. DT + 11 
4) T + O
2 
.. TO + 0 
5) T + HF .. FT + H 
.", HT + F 
.", 6) T + Br2--I~ TBr + Br 
_rr + Cl 7) T + ICl--~ 
"TCl + 1 
The parameters used in the calculations are listed in table 4.1. 
a) T + H2 and T + D2 systems 
The excitation functions of the two reacti.ons are shown in fig.4.3 
along with those obtained by Malcolme-Lawe/ 80 ) classical trajectory 
calculations (the magni tudes were scaled down by 0.5 so that both 
functions enclose approximately the same area). Clearly the energy 
dependencies are in good agreement. Furthermore, the magnitude of the 
functions obtained by the modified hard-sphere model wer.e higher. than 
those obtained by the original model (fig.4.4). 
b) T + HD system 
The success of the modified hard-sphere model is most clear. in 
this system where the isotopic effect (unlike the origi.nal model in 
fig.4.l) is surpri.singly close to those obtained by 'trajectory methods( 80). 
Here again the functions of the trajector.y calculations (dotted lines) 
are scaled down by 0.5 in fig. i •• 5. 
c) T + IIF system 
This system was studied mainly to test the validi.ty of the new 
criterion in systems other than hydrogen and its isotopic analogues. 
Since the modification was concerned with the masses of the product 
molecules (HT and FT) and the departing atoms (F and In and because 
the difference in the masses of the fluorine atom and the hydrogen atom 
of the HF molecule is larger than the difference betwc(m the masses of 
hydrogen and deuterium atoms of the HD molecule, the T ;- HF system 
would provide a stringent test for the modified hard-sphere model. 
Fig.4.6a shows the functions obtai.ned by the hard-sphere model before 
the modification and fig.4.6b shows the functions after modifications. 
In both figures the excitation functions produced by classical 
(82 ) 
trajectory methods performed by Malcolme-Lawes are plotted (dotted 
lines) for the purpose of comparison. Clearly, the modified model 
produced excitation functions that were in good agreement with the 
functions obtained by the trajectory me thod, whereas the original 
model failed to produce adequate results especially in the relative 
magnitudes of the substitution and abstraction products. 
T ;- °2 , T + Br2 and T + rCI 
The excitation functions of these systems represent the scavenger's 
competition for hot tritium atoms. 
The functions obtained by the modified hard-sphere model for the 
T + Br2 system are shown in fig.4.7 along wi.th the functions obtained 
by the original model and the trajectory method. 
The modified hard-sphere model produced good results for the T+02 
system, shown in fig.4.8. The functions are plot:te~ for the hard-sphere 
model and the trajectory method(138). The latter is scaled down by 2.0. 
The T + rCI system is shown in fig.4.9. No classical trajectory 
calculations have been performed for this system. However, judging 
from the good agreement between the result~ of the modi.fied hard-sphere 
model and trajectory methods for the other systems, it is hoped that 
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Table 1,.1 
Parameters used in har:d-sphere calculation 
Atom Mass Diameter Molecule Bond Energy 
(Ao ) (eV) 
11 1.0 0.75 (1) H2 4.5 (1) 
D 2.0 0.75 D2 4.5 
l' 3.0 0.75 HD {,.5 
I' 19.0 1.08 (2) HT 4.5 
T 127.0 2.45 (5) DT 4.5 
Cl 35.0 1. 80 (5 ) HI' 5.91 ( 2) 
Br 80.0 2.26 (3) FT 5.91 
0 16.0 1.15 (4) ICl 2.00 (5) 
He 4.0 0.75 TI 3.06 (5) 
Ne 20.2 1.09 TCl 2. {,8 (5) 
Ar 39.95 1.81 O2 5.21 (4) 
Kr 33.80 2.07 TO 4.63 (4) 
Xe 131.30 2.48 Br2 1.97 (3) 
TBr 3.91 (3) 
Reaction Activation Energy (eV) 
T+H2-.. HT+H 0.26 (1) 
T+D2-'DT+D 0.34 (1) 
T+HD-.DT+H 0.30 (1) 
-. HT+D 0.30 (l) 
T+HF~HT+F 1.46 (5) 
~FT+H 0.54 ( 5) 
1'+ Br2-.TBr+Br 0.03 (3) 
T+02 -..TO+0 0.73 (/') 
T+IC1+TCl+I 0.01 (6) 
-.TI+Cl 0.01 (6) 
Footnote: (1) reference (70) (4) reference (UO) 
(2) reference ( 82) (5 ) Malcolme-Lawes(unpublished data) 
(3) reference (137) (6) not found in literature(approx.) 
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excitati.on functi.ons obtained (by the modified hard-sphere model) in 
this ,;ark are satisfactory. 
Activation energy parameters (Ef ) 
The hard-sphere model assumes a fixed value for the activation 
energy parameter (Ef) for a reaction below which no reaction takes 
place. These parameters are determined experimentally and most of them 
are found in the literature. In this work we have examined the effect 
of varying the parameter on the shape of excitation functions. As 
expected the effect of E
f 
was most significant at the lower end of the 
energy scale (near the threshold). Fig.10 shows the eff"ct of lowering 
the value of (Er) from 0.5 eV to 0.3 eV in the T+l1D system. Si.milar. 
results were observed in the other systems. 
B) Mathematical model for hot atom reactions 
The use of computer simulation of hot atom reactions was first 
attempted by Rowland and Coulte/ 35 ) who used a Monte Carlo model to 
define the limits of the kinetic theory. Malcolme-Lawes and Urch(68) 
used a computer model to describe the possibilities of the formation 
of a variety of products and the varial:ion of the hot yi.elds as a 
function of parameters such as the concentration of inert gas. 
(68a) 
Malcolme-Lawes also used the same technique to investigate the 
limits of the validity of the kinetic theory and concluded that the 
kinetic theory parameters are unreliable if Cl varies wi.thin the hot 
reaction region. 
In this work, a model similar to the one described by Malcolme-
Lawes is used to predict the yields of hot tri tium ~eaction with 
hydrogen and its isotopic variation. 
The Model 
The model is described in detail in reference (52) and only a 
brief outline will be discussed below. 
T+HD • HT + 0 FIG. 4:10 
1.2 • OT + H 
- T N O<{ 
1.0 - effect of activation energy z 
0 
...... 
0.8 I-- Ef = 0.3 eV td 
Vl 
- - -E f = 0 ° 5 eV I Vl U""\ 0.6 N Vl ..< I 
0 
0:: 
0.4 LJ 
0.2 
ENERGY (c.O.M,eV ) 
0.1 0.5 1.0 5.0 10.0 50.0 100·0 500.0 
-126-
The computer model simulates the passage of a larr,e number of 
hot atoms through a mixture of reactive (reactant and scavenger) and 
inert (moderator) components. The prime computer program is listed in 
Appendix In and the flow diagram is shown in fig.4.ll. 
1) A large number of hypothetical high energy atoms are created with 
initial energy Eo' 
2) The atoms undergo collisions with reactant, scavenger or moderator 
molecules. The resulting energy of a hot atom after collision is 
determined from the expression: 
where E = energy after collision 
a 
Eb = energy after collision 
..... (ll.16) 
ex = average logarithmic energy loss per collision 
Y. = uniform random number, O<Y.<l 
1 1 
However, if di.ssociat ion (of a reactant molecule)occurs as a 
result of collision with hot atom, the resulting energy E' is 
a 
determined from equation (4.17): 
E' = E - B.E. 
a a 
..... (4.17) 
where B.E is the bond energy of the reactant molecule. 
3) A decision is made on the nature of collision (reactive or 
dissociati.ve) by generating a uniform random number ex) and 
usi.ng the followi.ng boo lean expression: 
If X>PD(E); collision is reactive 
where PD(E) is the probabi'lity of dissociation at hot atom 
energy E. 
4) If the COllision is reactive, another decision is made on the 
collision partner (reactant or scavenger) as in step (3). A 
uniform random number is generate.d and the followLng expressions 
are utilised: 
c: 
o 
..-
o 
u 
o 
UI 
UI 
"'C 
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If X<Fr reaction occurs with reactant 
If X<FT reacti.on occurs with scavenger 
where F = probability of collision with reactant r 
F = probability of collision with scavenger T 
Natur.ally the probability of collision with mod.,rator. is equal 
to 1 - Fr - FT • 
5) Once the collision partner is deci.ded, P.(E) (the prohahi.lity that 
~ . 
product i "ill be formed at energy E) is calculated and multiplied 
by SE (the probability that the hot atom has sur.vi.ved to this 
energy) • 
SE = (1 - P. - P ) 
~ s 
.. ••• (/1.18) 
6) The probability of collisional dissociation of excited product 
CD.(E) is calculated and subtracted from the probability of 
1 
formation (P.(E)) obtained in step (5). 
~ 
..•.• (11.19) 
7) The progress of each hot atom is followed until either its 
probability of survival has fallen below an arbitrarily chosen 
-3 
value of 10 or its energy falls below the threshold for each 
reaction. 
8) The probabilities of dissociation, formation and collisional 
dissociation of excited products are calculated from excitation 
functions obtained from the hard-sphere model described in section 
(A) • 
CONCLUSION 
In the past, the use of computer models to simulate hot atom 
reactions has been employed mainly to investigate the limi.ts of validity 
of the kinetic theory. No attempts have been made to ohtain realistic 
results. The reaction probabilities were calculated from hypothetical 
excitation functi.ons for the purpose of studying one aspect or another 
of the kinetic theory. 
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In this work, we shall attempt to use the model ill predict:ing 
product yields expected from our experimental results. The reaction 
probabilities will be calculated from excitation functi.nns produced 
by the hard-sphere model (which were in good agreement with more exact 
results). The scavenger competition for hot atoms and the colli-sional 
dissociation of the excited products will be taken into account in 
order to simulate conditions encountered in the actual systems. 
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CHAPTER V 
MODERATION STUDY OF THE HYDROGEN SYSTEM EXPERIMENTAL 
ANALYSIS AND NUMERICAL CALCULATIONS 
In this chapter, a moderation study of hydrogen and its isotopic 
analogues is reported. Helium, argon and krypton were used as 
moderators and the results were analysed in the terms of the kinetic 
theory. Furthermore, numerical calculations were made for each system 
using the excitation functions and the computer model described in the 
previous chapter. However, before discussing the results, it is 
. he If k· . h ( 24 ) . 1 necessary to out11ne t Estrup-Wo gang 1net1c t eory ma1n y 
for the purpose of defining the parameters and terms with which the 
discussion will be concerned. 
A) The Kinetic Theory 
The theory allows the calculation of the total probability of 
chemical reaction before thermalisation in terms of a few fundamental 
paramet:ers. The system comprises hot atoms of initial energy E , in 
o 
a t:hermal environment consist:ing of one or more components. The hot 
atoms lose energy in successive collisions but may react to enter 
combinations over a certain energy range E2 to El' Above E2 the 
collisions are t:oo energetic t:o result in stable combinations, while 
El is the minimum energy required for reaction. As the energy of a 
hot atom drops below El it reacts thermally with a scavenger. 
The fundamental equation for estimating the total probability P 
that a hot atom will react: before becoming thermalised iSI 
E ~Sl P = ~p. = 
i 1 i E2 
f.p.(E)n(E)dE J 1 ... •••.• (5.1) 
where P is the fraction of the total hot atoms that actually enter 
chemical combination while in the hot region, i.e. between 
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f. is the relative probability of collision with component j. 
J 
P(E) is the probability of hot reaction upon collision with 
reactant at energy E to form product i,and finally 
n(E)dE is the number of collisions suffered between E + dE and E. 
In order to obtain an expression for neE) the theory assumes 
that: 
a) the energy loss occurs by collision in which the collision 
partners can be treated as elastic spheres. 
b) the initial energy of the hot atom, E , is sufficiently high 
o 
so that the atom has made a number of collisions before reaching 
the upper limit of the reaction zone, E2, and finally 
c) the minimum energy required for the reaction is still large 
compared to thermal energies. 
In a non-reactive process, i.e. when 
P(E) = ~~j(E) is zero, 
J 
the term neE) is given by the following equation 
n(E)dE = (aE)-ldE ••••• (5.2) 
where a is the logarithmic average energy loss per collision and is 
given by 
a = ~f.a. j J J 
h = _ (In E after collision ) were a
J
. E before collision 
and f
J
. = X .ST ./~X.ST . J -J ~ J -J 
where X. is the mole fraction of component j 
J 
. ...• (5.3) 
.•.•. (5.4) 
•••• • (5.5) 
and ST_j is the collision cross section between the hot atom and 
component j. 
In the above equation (5.5), f. is assumed to be independent of 
J 
energy. On the other hand, ST . may be energy dependent but the ratio 
-J 
of ST .• wi 11 show. much .less energy depe·ndence •. 
-J s 
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For a hard sphere collision, a j could be estimated from the 
following equation 
..... (5.6) 
where Ml is the mass of the struck molecule, and 
M2 is that of the hot atom. 
Since P(E) is finite in the energy range of interest, equation 
(5.2) must be corrected for the probability that the hot atom has 
escaped reaction; thus 
E 
~J fj p/E)n(E)dE] 
i Eij) 
..... (5.7) 
Equation (5.7) is only a first approximation, for an exact and 
useful form cannot be obtained without a knowledge of P(E). Since 
some atoms may have been removed from the original distribution by 
reaction, the distribution of the remaining atoms is not necessarily 
of the original form l/aE. However, equation (5.7) will be an 
increasingly better approximation as the total reactivity of the system 
decreases. 
Differentiation of equation (5.7) with respect to E and separation 
of the variables gives 
.... • (5.8) 
Since equation (5.2) is valid for E ~ E2 , integration of equation 
(5.8) between E and E2 leads to 
neE) = - ~ exp [ 
Substituting this into equation 
E· 
P= ~r 
i El 
f.P. ] 1 
ar exp [ 
(5.1) 
E2 
:?:J 
i E 
dE] dE ..... (5.10) 
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Equation (5.10) is a general expression giving the total probability 
that a hot atom will undergo high energy reaction in a mixture of j 
components. It can be modified for specific purposes as described 
below. 
1) Single reactant - total hot yield 
If hot reaction can ocicur with only one of the components, i.e. 
where the values of f.P. for all other components are negligible, the 
J l. 
subscripts are then omitted and f and P are understood to refer to 
the reactive compound. Equation (5.10) now becomes 
E2 !2 P = ~ fP(E) exp [ freE) dE ] dE ar (lE 1 ..... (5.11) 
P = 1 - exp [ - ~ I ] ..... (5.12) 
E2 
where I = JE feE) dE -E-l 
and is known as the total reactivity integral. 
f refers to the reactive component and is assumed to be independerit 
of E. 
For a system composed of one reactant and one moderator it 
follows from equation (5.3) that 
(l = f~eac. + (1 - f)~Od ..... (5.13) 
Thus equation (5.12) can be expressed as 
-l/ln(l - p) = (lreac. ~od (1 - f) I +-1- f ..... (5.14) 
A plot of -l/ln(l - p) Vs (1 - f)/f should give a straight line with 
slope equal to (l dlI and intercept equal to (l 11. This is known 
mo reac. 
as the kinetic theory plot of the first ~ind and will be referred to 
in this work as KT - 1. 
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2. Single reactant - Individual yields of hot products 
If hot reaction with a single reactant produces more than One 
hot product, the treatment is then modified and equation (5.1) becomes 
P. = 
~ 
...•• CS.la) 
whereP. is the total probability that a hot atom will react to form 
~ 
product i upon collision with reactant. 
Substituting neE) from equation (5.9) we obtain 
fp. (E) 
~ 
exp [- fp(E) dE] dE (lE .... • (5.15) 
Equation (5.15) is more useful when expressed as a series thus; 
P. = 
~ 
EZ 1'. (E) 
where I. f ~ dE = -E-~ 
El 
E2 P. (E) ( K. = f ~ ~ 
El 
E 
and 
f f2 K. - 1. -
-2 (l ~ 
E2 
J 
E 
~ 
(l 
P(E) dE 
-E-
F(E) dE 
-y 
f3 
+3 Li ... etc. ..... (5.16) 
(l 
) dE 
2 ) dE 
In general the series converges rapidly, requiring the use of only the 
first two or three terms. ·Retaining the first two terms in equation 
(5.16) and re-arranging the following equation is obtained 
.... • (5.17) 
A plot of % Pi Vs ~ yields a straight line (at least for small values 
of f) with intercept Ii and slope Ki (expressed in units of ~od and 
(~Od)2 respectively). The plot is known as the kinetic theory plot 
of the second kind and is referred to in this work as KT-2. 
and 
-135-
1. is the partial "reactivity integral". It provides a measure 
~ 
of the area under the excitation function for the formation 
of product i when plotted On logarithmic (collision) energy 
scale, 
Ki is referred to a$ "energy shadowing integral". Its 
magnitude depends on the probability that the hot atoms 
will have already reacted before reaching the energy range 
where product i is formed. 
Since the intercepts and slopes of the various KT-2 plots are 
not independent, their mutual consistency may be checked by noting 
that P =~P. 
i ~ 
and therefore ~ I. should equal I, ~ Ki = ~I2, etc. 
i ~ i 
The ratio K./I. has 
~ ~ 
(14Q) been suggested by Wolfgang -. as an 
indicator of the relative energy of hot atoms producing i. Thus, if a 
hot reaction produces two products, i and i', it is possible to 
speculate on their relative average energies of formation by comparing 
the values of K. /1. and K .• /1 .•. 
1 1 1 1 
This approach however was criticised 
by Urch et al(150) On the grounds that the K. /1. ratio is a function of 
~ ~ 
I.. Instead, a new parameter R. was recommended capable of expressing 
~ ~ 
the relative tritium energy in a more quantitative way. 
R. = [(K.(observed)/I.) - ~I.~ [(K.(max)/I.) - ~I.l ••••• (5.18) 
1 L 1 1" 1 1 1" 
Ki(max) refers to the extreme case where the "excitation function" 
p.(E) for product i lies completely below that for all other products, 
~ 
K.(max) = 1.1 - ~I~ 
~ ~ ~ 
•••.• (5.19) 
The opposite extreme case is where the "excitation function" Pi (E) 
lies wholly above that of all other products, Pk(E)k#i' Here K. is 
~ 
a function of I. only since the reactivity integral of all other 
~ 
products (I - I. ) does not contribute to K. 
~ ~ 
Thus K. (min) = ~I~ ••• (5.20) 
~ ~ 
The third case is where Pi(E) is completely superimposed upon Pk(E)k#i 
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and the value of K. lies between K.(min) and K.(max). It is given 
111 
by (5.21) 
K. (med) = ~I. I 
1 1 
••••• (5.21) 
Equations (5.18 - 5.21) are an extension of the original Estrup-
Wolfgang theory introduced by Urch et al(151,152). Malcolme-Lawes 
introduced a correction to the kinetic theory to include scavenger 
competition effects. These corrections were discussed in detail in 
Chapter Ill. WOlfgang(149) extended the theory to analyse unmoderated 
mixed reactant systems, the details,of which are not relevant to this 
work. 
B) RESULTS 
The principal aim of this work is to study the reaction of recoil 
tritium atoms with hydrogen and its isotopic analogues in different 
moderators both experimentally and theoretically. For convenience and 
clarity the results will be subdivided into experimental results (and 
their analysis according to Estrup-Wolfgang kinetic theory) and 
theoretical results dealing with the calculation of the excitation 
functions and other parameters necessary to evaluate the product yields 
of the various reactants [H2, D2 , H2- D2(1:1 mixture) and HDl in 
different moderators. 
(i) Experimental results 
The systems studied in this work are listed overleaf. KT-I and 
KT-2 refer to the kinetic theory plots of the first kind and the second 
kind respectively. Systems (of H2 or D2) which give rise to only a 
single product were not analysed by the KT-2 plots since these are 
in essence identical to the KT-I plots. Graphs ending with the letter 
"d", i.e. S.ld - 5.5d were drawn mainly to enable comparison of the 
KT-l plots of each system in the various moderators. Kinetic theory 
parameters obtained from the KT-I plots are tabulated in table (5.6a). 
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System lliderator I Scavenger Table Figures 
KT-l KT-2 
T+H 
2 He lel S.la S.la 
.. Ar .. S.lb S.lb 
.. Kr .. S.lc S.lc 
T+D2 He .. S.2a S.2a 
.. Ar .. S.2b S.2b 
.. Kr .. S.2c S.2c 
T+HD He .. S.3a 5.3.a.l S.3.a.2 
.. Ar .. S.3b S.3.b.l S.3.b.2 
.. Kr .. S.3c 5.3.c.l S.3.c.2 
T+H2 -D2 He .. S.4a S.4.a.l 5.4.a.2 ( 1,1) 
.. Ar .. S.4b S.4.b.l S.4 .• b.2 
.. Kr .. S.4c S.4.c.l S.4.c.2 
.. He Br2 S.Sa S.S.a.l 5.5.a.2 
.. Ar .. S.Sb S.S.b.l S.S.b.2 
.. Kr .. S.Sc 5.S.c.l S.S.c.2 
The table contains values for the intercepts (a 11) and slopes 
reac 
(~od/I) as well as areaclamod (obtained by dividing the intercept 
by the slope) and the total reactivity integral I (expressed in units 
of ~od)" The parameters of the second kind plots (KT-2) are listed 
in table (S.6b). It gives the values of I HT, I dt , 
purpose of comparison with total I obtained from the 
~I. (for the 
i 1. 
KT-l plot), 
~K. (in order to perform the internal consistency 
i 1. 
.. 1 f 1 2) checks by compar1.ng W1.th the va ues 0 r,I • As already mentioned in 
the discussion of the kinetic theory, 1. 's are expressed in units of 1. 
2 ~od and ki's in units of (~od)' The experimental errors (12% for 
l,s and 24% for K. 's) are·rnentiqned whenever appropriate and are 1. 
TABLE 5.1a 
T + H2 
Helium moderator and rC1 scavenger 
Sample X1C1 XHe3 XH XHe4 
Volume Total ~X1015 PHT fH 
1-f -1 
(c.c.) Pressure (n/cm2) --r InCl-P) 2 (cm.Hg) 2 
111 0.031 0.025 0.848 0.096 12.40 103.01 0.997 0.873 0.816 0.226 0.484 
112 0.029 0.025 0.692 0.254 12.33 105.36 0.895 0.869 0.642 0.556 0.492 
113 0.028 0.023 0.578 0.371 12.28 112.24 1.010 0.824 0.523 0.912 0.575 
114 0.027 0.023 0.482 0.469 12.43 115.27 0.921 0.783 0.426 1.345 0.654 
115 0.027 0.024 0.394 0.555 12.66 113.22 0.993 0.786 0.343 1.918 0.649 I 
t-' 
116 0.029 0.024 0.285 0.663 13.34 103.20 0.918 0.705 0.241 3.141 0.819 co <X> 
I 
117 0.028 0.023 0.093 0.855 12.37 107.20 0.925 0.534 0.076 12.200 1.311 
9.1 0.030 0.033 0.152 0.785 11.95 107.52 0.911 0.611 0.126 6.960 1.058 
10.1 0.030 0.033 0.048 0.889 12.51 103.87 0.980 0.496 0.039 24.850 1.458 
325 0.027 0.025 0.065 0.883 13.07 116.55 1.120 0.515 0.053 17.998 1.382 
326 0.032 0.025 0.066 0.877 12.53 118.97 1.130 0.513 0.053 17.744 1.389 
TABLE 5.1b 
T + H2 
Argon moderator and rCl scavenger 
Volume Total (/IxlO15 I-f -1 
. Sample X
rC1 XHe3 XH XAr (c.c) Pressure 2 PHT fH -r ln~l-P) 2 (cm.Hg) (n/cm ) 2 
111 0.028 0.031 0.940 0.00 12.21 110.27 1.019 0.827 0.928 0.077 0.569 
112 0.029 0.035 0.822 0.114 12.29 107.11 1.079 0.716 0.790 0.266 0.794 
I 
113 0.029 0.030 0.674 0.266 12.40 107.64 1.060 0.706 0.624 0.601 0.818 
,... 
'" 
'" 5.1 0.028 0.032 0.307 0.633 12.92 109.71 0.901 0.640 0.262 2.810 0.978 I 
6.1 0.029 0.033 0.516 0.421 12.91 105.71 0.959 0.731 0.462 1.165 0.761 
7.1 0.030 0.043 0.415 0.512 11.87 110.74 0.996 0.585 0.364 1.747 1.136 
8.1 0.030 0.033 0.191 0.746 12.30 103.98 0.850 0.646 0.160 5.261 1.599 
9.1 0.029 0.029 0.099 0.843 12.87 111. 04 0.885 0.388 0.081 11.389 2.037 
10.1 0.027 0.030 0.031 0.911 12.91 110.00 0.987 0.171 0.025 38.720 5.346 
315 0.030 0.025 0.061 0.885 12.77 124.86 0.970 0.262 0.049 19.302 3.294 
316 0.023 0.028 0.062 0.886 13.66 118.90 0.980 0.290 0.051 18.687 2.916 
320 0.027 0.024 0.061 0.888 13.49 118.69 1.020 0.281 0.049 19.251 3.031 
TABLE 5.1c 
T + H2 
Krypton moderator and lCl scavenger 
Volume Total ~XI015 I-f -1 Sample XlCl XHe3 XH ~r (c.c.) Pressure 2 PHT fH --r In(l-P) 2 (cm. Hg) (n/cm ) 2 
III 0.029 0.024 0.853 0.094 12.59 104.75 1.07 0.842 0.821 0.217 0.541 
112 0.028 0.023 ·0.731 0.218 11.73 106.93 1.03 0.772 0.683 0.462 0.676 
I 
113 0.030 0.022 0.524 0.424 11.67 107.01 1.02 0.706 0.468 1.138 0.816 .... .,. 
114 0.029 0.021 0.426 0.524 11.86 105.09 0.947 0.694 0.372 1.690 0.845 0 I 
115 0.029 0.020 0.334 0.617 12.01 103.75 0.927 0.608 0.286 2.502 1.068 
8.1 0.029 0.032 0.180 0.759 12.60 109.71 1.050 0.434 0.150 5.680 1. 756 
9.1 0.028 0.030 0.125 0.817 12.33 115.25 0.962 0.400 0.103 8.740 1.959 
10.1 0.031 0.034 0.044 0.891 12.59 105.86 0.978 0.226 0.036 27.06 3.911 
806 0.025 0.028 0.063 0.884 13.24 121.05 0.906 0.283 0.051 18.40 3.006 
808 0.029 0.026 0.063 0.881 12.55 123.03 0.760 0.324 0.051 18.47 2.551 
809 0.033 0.027 0.063 0.877 12.80 118.41 0.740 0.293 0.051 18.64 2.880 
TABLE 5.2a 
T + D'" 2" 
Helium moderator and ICl scavenger 
Volume Total c;lXI015 1-f -1 
,Sample XICl XHe3 ~2 XHe4 (c.c) Pressure 2 PHT PDr fD X- In(l-p) (cm.Hg) (n/cm ) 2 
(0.821) 
101 0.030 0.043 0.927 0.00 13.37 111.93 0.940 0.024 0.801 0.916 0.092 0.573 
(0.857) 
102 0.031 0.044 0.784 0.140 12.50 107.40 0.756 0.026 0.835 0.749 0.336 0.507 I 
(0.818) .... 
'" 103 0.030 0.042 0.601 0.327 12.81 112.41 0.940 0.024 0.798 0.550 0.818 0.578 .... I 
(0.744) 
104 0.031 0.044 0.457 0.467 12.70 107.5 0.946 0.021 0.726 0.405 1.468 0.727 
(0.732) 
105 0.030 0.044 0.388 0.538 12.65 112.31 0.855 0.023 0.713 0.338 1.951 0.751 
(0.681) 
106 0.030 0.041 0.300 0.630 13.08 113.76 0.853 0.020 0.644 0.257 2.893 0.867 
(0.592) 
108 0.031 0.043 0.184 0.741 12.95 109.91 0.907, 0.019 0.576 0.154 5.492 1.105 
(0.500) 
109 0.028 0.041 0.087 0.844 13.01 115.38 0.868 0.017 0.486 0.071 13.060 1.431 
(0.420) 
110 0.028 0.041 0.043 ' 0.889 12.31 120.38 0.901 0.017 0.406 0.034 28.13 1.816 
.. ': Figures in brackets are the corrected PDT values for the hydrogen impurity (- 3%) in 
deuterium (see Appendix IV). 
TABLE 5.2b 
T + D ;, 
2 
Argon moderator and ICl scavenger 
Volume Total \i!xl015 1-f -1 
,Sample XI Cl XHe3 ~2 XAr (c.c.) Pressure (n/cm2) PHT PDT fD -r ln~l P) (cm.Hg) 2 
(0.865) 
101 0.031 0.038 0.93 0.00 11.45 114.03 0.905 0.025 0.844 0.918 0.090 0.491 
(0.797) 
102 0.031 0.037 0.743 0.189 12.37 106.90 0.861 0.022 0.778 0.701 0.427 0.621 I 
(0.692) ..... .,. 
103 0.031 0.042 0.606 0.321 13.05 107.88 0.843 0.018 0.677 0.554 0.804 0.842 N I 
(0.632) 
104 0.031 0.043 0.465 0.461 13.14 108.06 0.843 0.016 0.618 0.413 1.423 0.996 
(0.569) 
105 0.030 0.043 0.374 0.552 13.14 106.56 0.850 0.016 0.555 0.326 2.071 1.184 
(0.527) 
106 0.029 0.044 0.274 0.653 12.57 110.77 0.788 0.016 0.531 0.233 3.284 1.265 
(0.521) 
108 0.031 0.046 0.191 0.732 12.28 108.62 0.540 0.016 0.507 0.160 5.236 1.350 
(0.285) 
109 0.030 0.041 0.090 0.838 12.75 115.34 0.869 0.009 0.277 0.074 12.485 2.957 
(0.247) 
110 0.030 0.042 0.067 0.860 12.68 112.37 0.875 0.008 0.239 0.055 17.174 3.486 
'~Figures in brackets are the corrected PDT values for the hydrogen impurity ( -3%) 
in deuterium (see Appendix IV). 
TABLE 5.2c 
T+O", 2 
Krypton moderator and ICl sdavenger 
Volume Total \/xl015 I-f -1 
.Sample XICl XHe3 Xo XKr Cc. c.) Pressure 2 PHT POT fO -r In~l-P) 2 (cm.Hg) (n/cm ) 2 
(0.838) 
101 0.031 0.045 0.791 0.133 12.68 105.27 0.932 0.022 0.819 0.756 0.322 0.543 
(0.796) 
102 0.029 0.040 0.663 0.268 13.48 113.24 0.931 0.019 0.730 0.615 0.626 0.724 1 ,... 
(0.717) ~ 1.0> 
103 0.031 0.046 0.554 0.369 13.07 107.22 0.904 0.019 0.701 0.501 0.994 0.786 1 
(0.562j 
104 0.027 0.037 0.332 0.603 13.43 121.06 0.851 0.015 0.549 . 0.285 2.500 1.222 
(0.491) 
105 0.031 0.040 0.239 0.690 12.95 113.63 0.941 0.012 0.481 0.202 3.956 1.469 
(0.473) 
106 0.031 0.046 0.177 0.746 13.59 104.91 0.975 0.011 0.464 0.148 5.774 1.548 
(0.415) 
108 0.026 0.037 0.119 0.817 12.43 127.79 0.986 0.011 0.406 0.098 9.152 1.853 
( 0.311) 
109 0.030 0.044 0.080 0.846 12.90 107.62 0.891 0.009 0.303 0.066 14.239 2.669 
(0.192) 
no 0.032 0.041 0.044 0.883 13.34 105.66 0.905 0.007 0.186 0.035 27.192 4.652 
,', Figures in brackets are the corrected POT values for hydrogen impurity (~3%) 
in deuterium (see Appendix IV). 
TABLE 5.3a 
T + HD1, 
Helium moderator and ICl scavenger 
Total 0X1015 
(l( in 
Sample XIC1 X XHD XHe4 
Volume Pressure PHT fHD 
1-f -1 units f <%) Pm (%) PDT (c.c.) 2 PDT f 1nCl-p) of -. He3 (cm. Hg) Cl (n/cm ) ~e) 
(0.409) (0.472) 
101 b.028 0.024 0.450 0.500 12.98 108.06 0.976 0.411 0.469 0.395 1.530 0.470 8.93 0.044 9.23 10.73 
(0.346) (0.383) 
102 0.025 0.022 0.517 0.439 12.28 119.64 1.660 0.351 0.381 0.462 1.167 0.760 10.28 0.045 7.69 8.51 
(0.411) (0.461) 
103 0.030 0.026 0.632 0.312 12.23 96.79 1.040 0.417 0.458 0.579 0.729 0.482 12.63 0.046 8.93 10.02 
(0.391) (0.438) 
104 0.028 0.024 0.373 0.576 13.35 105;70 0.887 0.397 0.435 0.322 2.104 0.560 7.47 0.043 9.09 10.19 
(0.355) (0.393) 
105 0.028 0.024 0.282 . 0.666 13.03 107.61 0.944 0.360 0.391 0.239 3.183 0.719 5.80 0.041 8.66 9.59 
(0.314) (0.359) 
106 0.029 0.024 0.192 0.756 13.25 104.49 0.982 0.318 0.356 0.159 5.269 0.890 4.19 0.038 8.26 9.42 
(0.235) (0.257) 
108 0.029 0.023 0.078 0.871 12.58 109.86 0.943 0.228 0.250 0.063 14.85 1.540 2.26 0.028 8.04 8.96 
(0.196) (0.209) . 
109 0.028 0.027 0.045 0.900 12.67 104.05 0.936 0.199 0.208 0.036 26.73 1.917 1.72 0.021 9.33 9.95 
(0.276) (0.318) 
110 0.029 0.026 0.142 0.803 12.31 105.81 0.945 0.280 0.316 0.117 . 7.518 1.103 3.35 0.035 7.89 9.09 
(0.189) (0.225) 
1105 0.029 0.030 0.049 0.892 12.58 103.26 0.904 0.191 0.224 0.040 23.99 1.862 1.80 0.022 8.59 10.23 
(0.203) (0.217) 
1106 0.037 . 0.029 0.04'8 0.893 12.84 105.27 0.966 0.206 0.216 0.039 24.76 1.822 1.78 0.022 9.23 9.86 
-.', Figures in brackets are the corrected PHT and PDT values fort he tube sealing damage (see Appendix IV). 
TABLE 5.3b 
T + HO,', 
ARGON MODERATOR AND ICl SCAVENGER 
Volume Total 0xlO15 I-f -1 a (in f C%>P HT C~lDT Sample XICl XHe3 XHO XAr (c. c.) Pressure . 2 PHI PDT fHO --r ln~l-P) units (cm.Hg) (n/cm) of aAr ) a 
(0.436) (0.506) 
101 0.027 0.032 0.941 0.00 13.45 108.51 0.968 0.442 0.503 0.929 0.076 0.346 5.32 0.175 2.49 2.89 
(0.315) (0.386) 
102 0.026 0.031 0.725 0.218 13.16 111.57 1.020 0.319 0.384 0.682 0.470 0.824 4.17 0.163 1.93 2.37 
(0.315) (0.398) 
103 0.028 0.032 0.701 0.239 13.15 108.08 1.000 0.319 0.396 0.653 0.530 0.796 4.04 0.162 1.94 2.46 
(0.394) I (0.304) ... 
.t-105 0.028 0.035 0.567 0.371 13.09 105.62 0.928 0.308 0.392 0.513 0.949 0.832 3.38 0.152 2.00 2.59 v 
(0.264) (0.344) I 
106 0.028 0.034 0.441 0.497 13.29 104.48 0.946 0.268 0.342 0.388 1.576 1.062 2.85 0.136 1.94 2.53 
(0.258) (0.342) 
107 0.027 0.035 0.337 0.600 13.02· 109 .16 0.947 0.261 0.31.0 0.290 2.441\ 1.089 2.3::; 0.123 2.10 2.78 
(0.206) (0.291) 
108 0.028 0.044 0.229 0.699 13.56 108.70 1.010 0.209 0.289 0.193 4.167 1.449 1.90 0.101 2.04 2.88 
(0.176) (0.244) 
109 0.028 0.032 0.139 0.801 13.18 108.93 0.977 0.178 0.243 0.115 7.710 1.830 1.53 0.075 2.35 3.25 
(0.080) (0.113) 
110 0.028 0.032 0.043 0.897 13.21 109.57 0.949 0.081 0.112 0.035 27.49 4.656 1.16 0.030 2.67 3.77 
(0.107) (0.148) 
1107 0.024 0.029 0.056 0.891 12.61 109.39 0.817 0.108 0.147 0.045 21.01 3.389 1.21 0.037 2.89 4.00 
(0.106) (0.143) 
1108 0.031 0.029 0.059 0.886 12.47 110.90 0.880 0.107 0.142 0.043 22.37 3.491 1.21 0.036 2.94 3.97 
-.'; Figures in brackets are the PHT and PDT values for the tube sealing damage (see Appendix IV). 
TABLE 5.3c 
T + HIlo" 
Krypton moderator and rC1 scavenger 
Total I,lX101~ !l (in Vo1wne 1-f -1 units f c%) PHT (%) PDT Sample JS:C1 XHe3 XHD XKr (c.c.) Pressure (n/cm ) PHT PDT fHD --r 1n~1 P) of ~r) !l (cm.Hg) 
(0.075) (0.110) 
101 0.028 0.042 0.042 0.888 11.81 119.80 1.01 0.076 0.109 0.034 27.98 4.901 1.14 0.030 2.50 3.67 
(0.116) (0.171) 
102 0.027 0.030 0.091 0.851 12.33 106.05 1.00 0.118 0.170 0.074 12.46 2.930 1.30 0.057 2.03 3.00 
(0.176) (0.269) I 
.... 
103 0.028 0.033 0.194 0.745 12.38 104.81 1.03 0.178 0.267 0.162 5.17 1.697 1.66 0.098 1.80 2.74 .0-cr-
(0.218) (0.316) I 
104 0.028 0.035 0.253 0.653 12.50 104.92 0.897 0.221 0.314 0.242 3.14 1.304 1.99 0.122 1.79 2.59 
(0.259 ) (0.370) 
105 0.028 0.031 0.373 0.568 12.38 109.76 0.950 0.262 0.368 0.323 2.09 1.006 2.32 0.139 1.86 2.66 
(0.267) (0.370) 
106 0.027 0.033 0.468 0.472 13.71 106.59 0.955 0.271 0.368 0.414 1.41 0.982 2.70 0.153 1.74 2.42 
(0.307) (0.403) 
108 0.028 0.037 0.562 0.373 12.94 107.18 0.908 0.311 0.401 0.509 0.978 0.802 3.09 0.165 1.86 2.44 
(0.311) (0.392) 
109 0.028 0.035 0.652 0.286 13.01 108.40 0.925 0.315 0.390 0.602 0.66 0.820 3.47 0.173 1.80 2.27 
(0.451) (0.526) 
110 0.028 0.33 0.798 0.141 12.73 107.41 0".930 0.457 0.523 0.761 0.313 0.255 4.12 0.185 2.44 2.84 
"k Figures in brackets are the corrected PHT and PDT values for the tube sealing damage (Appendix IV). 
TABLE 5.4a 
T + H2- D2 (1:1 mixture)'" 
Helium moderator and lCl scavenger 
Total ~xl015 a (in 
Sample XlCl XHe3 X X 
Volume PHT PDT 
f I-f -1 units f (¥)PHT (~)PDT (c.c.) Pressure 2 in~l-P) of ~e) -H2-D2 He4 (cm.Hg) (n/cm) H2-D2 t a f 
(0.507) (0.468) 
101 0.031 0.035 0.837 0.096 12.19 105.37 0.889 0.508 0.464 0.806 0.24 0.278 14.30 0.056 9.05 8.36 
(0.491) (0.407) 
102 0.028 0.033 0.756 0.183 12.75 104.01 0.923 0.492 0.403 0.714 0.40 0.443 12.78 0.056 8.77 7.27 
(0.478) (0.400) I .... 
103 0.031 0.033 0.607 0.329 12.13 100.38 0.952 0.479 0.397 0.554 0.80 0.479 10.14 0.055 8.69 7.27 "" 
" (0.422) (0.370) I 
105 0.028 0.033 0.460 0.479 11.96 110.16 0.908 0.423 0.367 0.407 1.46 0.640 7.72 0.053 7.96 6.28 
(0.425) (0.376) 
106 0.028 0.034 0.382 0.556 12.13 107.75 1.000 0.426 0.373 0.332 2.01 0.623 6.48 0.051 8.33 7.37 
(0.394) (0.358) 
107 0.029 0.033 0.281 0.656 12.30 106.8" 1. 000 0.395 0.355 O. :>39 3.18 0.723 4.94 0.048 8.21 7.46 
(0.316) (0.314) 
108 0.028 0.033 0.190 0.749 12.07 109.59 0.917 0.320 0.311 0.158 5.31 1.003 3.61 0.044 7.18 7.14 
(0.246) (0.239) 
.109 0.028 0.033 0.094 0.846 12.08 109 .30 0.996 0.747 0.237 0.076 12.06 1.510 2.15 0.035 7.03 6.83 (o.n7) (0.211) 
1105 0.028 0.037 0.060 0.e75 13.32 106.42 1. 200 0.217 0.209 0.048 19.60 1.800 1.79 0.027 8.04 7.81 
(0.224) (0.;>13) 
1106 0.035 0.037 0.059 0.869 12.90 110.26 1.130 0.224 0.211 0.048 19.86 1. 752 1.79 0.027 8.30 7.89 
(0.208) (0.205) 
no . 0.025 0.031 0.042 0.901 12.16 116.85 0.941 0.208 0.203 0.034 28.09 1.889 1.56 0.022 9.45 9.32 
.... : Figures in brackets are the corrected PHT and PDT values for the hydrogen impurity in deuterium and 
the tube sealing damage (Appendix IV). 
TABLE 5.4b 
T + H2 - D2 (1:1 mixture)", 
Argon moderator and ICl scavenger 
Total IIxl015 
Cl (in 
Sample XICl XHe3 X X 
Volume Pressure PHT PDT f 1-f -1 
units f c%) PHT C%) PDT (c.c.) 2 of ClAr ) -H2-D2 Ar (cm.Hg) (n/cm ) H2-D2 f In( I-P) Cl 
(0.505) (0.437) 
101 0.030 0.037 0.933 0.000 12.21 105.70 0.875 0.506 0.433 0.921 0.08 0.358 5.03 0.183 2.76 2.39 
(0.426) (0.355) 
I 102 0.030 0.034 0.797 0.139 11.15 104.95 0.861. 0.427 0.352 0.760 0.31 0.6102 4.33 0.176 2.42 2.02 .... 
-'" (0.368) (0.315) 0: 
103 0.032 0.032 0.577 0.359 12.02 110.01 0.980 0.369 0.312 0.523 0.91 0.875 3.29 0.159 2.31 1.98 I 
(0.329 ) (0.293) 
104 0.033 0.032 0.474 0.460 11.84 108.32 0.943 0.330 0.290 0.420 1.38 1.033 2.84 0.148 2.22 1.98 
(0.302) (0.271) 
105 0.030 0.032 0.383 0.553 11.80 104.07 0.893 0.303 0.269 0.333 2.00 1.175 2.46 0.135 2.24 2.01 
(0.268) (0.245) 
106 0.030 0.032 0.261 0.676 12.02 105.67 0.952 0.269 0.243 0.221 3.52 1.393 1.97 0.112 2.39 2.19 
(0.244) (0.207) 
108 0.030 0.034 0.198 0.738 11.57 107.12 0.910 0.244 0.205 0.165 5.05 1.782 1.72 0.096 2.33 2.16 
(0.180) (0.170) 
·109 0.031 0.033 0.097 0.838 12.29 105.76 0.914 0.180 0.169 0.080 11.55 2.320 1.35 0.059 3.05 2.88 
(0.132) (0.123) 
1105 0.029 0.038 0.062 0.871 13.33 100.98 1.230 0.132 0.122 0.050 18.81 3.405 1.22 0.041 3.22 3.00 
1106 0.032 0.033 0.059 0.875 
(0.130) 
11.95 113.83 1.160 0.130 
(0.124) 
0.123 0.048 19.75 3.417 1.21 0.040 3.25 3.10 
(0.086 ) (0.081) 
110 0.028 0.032 0.036 0.903 11.99 113.86 0.894 0.086 0.080 0.029 32.85 5.463 1.13 0.026 3.31 3.11 
.... , Figures in brackets are the corrected PHT and PDT values for the hydrogen impurity in deuterium and the 
tube sealing damage (Appendix IV). 
TABLE 5.4c 
T + H2- D2 (1:1 mixture)", 
Krypton moderator and rCl scavenger 
Total ~XI015 0.( in f (l! ) PHT Cl!) PDT Volume -1 units Sample ~Cl XHe3 XH2- D2 ~r (c.c.) Pressure 2 PHT PDT fH -D I-f In(l-p) of o.Kr) 0. f f (cm.Hg) (n/cm) 2 2 f 
(0.492) (0.428) 
101 0.027 0.031 0.852 0.089 11.99 117.29 :1.010 0.493 0.424 0.823 0.21 0.400 4.21 0.195 2.52 2.19 
(0.389 ) (0.347) 
102 0.030 0.038 0.741 0.190 11.55 106.29 0.936 0.390 0.344 0.699 0.43 0.756 3.73 0.187 2.08 1.86 
(0.343) (0.316) 
103 0.027 0.033 0.554 0.386 11.59 110.96 0.999 0.344 0.313 0.500 1.00 0.933 2.95 0.169 2.03 1.87 I 
(0.289) (0.281) ..... 
'" 104 0.029 0.035 0.449 0.487 11.92 109.39 1.010 0.290 0.279 0.396 1.53 1.188 2.54 0.156 1.85 1.80 '" I 
(0.289) (0.287) 
105 0.028 0.031 0.367 0.573 12.22 110.32 0.959 0.290 0.284 0.318 2.15 1.173 2.24 0.142 2.03 2.02 
(0.256) (0.274) 
106 0.027 0.031 0.267 0.675 11.78 112.96 1.010 0.257 0.272 0.226 3.42 1.328 1.88 0.120 2.13 2.28 
(0.111) (0.131) 
108 0.029 0.031 0.060 0.880 11.89 107.67 0.913 0.111 0.130 0.049 19.43 3.620 1.19 0.041 2.71 3.19 
(0.222) (0.232) 
109 0.029 0.036 0.187 0.747 12.27 106.99 0.989 0.222 0.230 0.156 5.40 1.660 1.61 0.097 2.29 2.39 
(0.185) (0.193) 
110 0.029 0.032 0.1l9 0.820 11.79 112.12 0.975 0.185 O.ln 0.098 9.24 2.118 1.38 0.071 2.61 2.72 
(0.121) (0.129) 
1104 0.023 0.034 0.063 0.880 13.08 102.00 1.07 0.121 0.128 0.051 18.41 3.499 1.20 0.042 2.88 3.07 
(0.116) (0.118) 
1105 0.033 0.032 0.064 0.871 13.22 103.21 1.23 0.116 0.117 0.052 18.35 3.771 1.20 0.043 2.70 2.74 
~'; Figures in brackets are corrected for impurity and tube sealing damage. 
TABLE 5.5a 
T+H2-D2 (1:1 mixtureY 
Helium moderator and Br 2 scavenger 
Total I)x1015 Cl (in 
Sample X XHe X X 
Volume PHT PDT 
1-f -1 units f (J:!) PHT (J:!) PDT (c.c.) pressure( / 2) f - ln~l-P) of ClHe ) 
-Br 2 H2-D2 He4 (cm.Hg) n cm H2-D2 f Cl f f 
(0.372) (0.333) 
5501 0.034 0.033 0.917 0.00 12.14 107.68 1.543 0.373 0.330 0.917 0.090 0.825 15.77 0.058 6.41 5.74 
(0.416) (0.308) 
5502 0.034 0.031 0.728 0.207 12.39 107.35 1.522 0.417 0.305 0.682 0.466 0.782 11.99 0.057 7.30 5.40 
(0.379) (0.331) 
I 5503 0.033 0.029 0.701 0.236 12.30 106.46 1.547 0.380 0.328 0.652 0.533 0.811 11.50 0.057 6.65 5.80 .... U1 (0.416) (0.363) 0 
5504 0.034 0.027 0.564 0.374 12.15 108.84 1.495 0.417 0.360 0.509 0.966 0.665 9.20 0.055 7.56 6.60 I 
(0.406) (0.358) 
5505 0.034 0.028 0.464 0.473 12.72 108.02 1.386 0.407 0.355 0.409 1.442 0.698 7.59 0.054 7.52 6.63 
(0.348) (0.304) 
5506 0.034 0.034 0.378 0.554 13.39 109.42 1.557 0.349 0.301 0.327 2.056 0.952 6.27 0.052 6.69 5.85 
(0.361) (0.321) 
5508 0.034 0.028 0.293 0.645 12.62 109.08 1.467 0.362 0.318 0.249 3.010 0.874 5.01 0.050 7.22 6.42 
(0.296) (0.280) 
5509 0.028 0.023 0.195 0.753 12.79 131. 64 1.427 0.297 0.278 0.162 5.162 1.170 3.61 0.045 6.58 6.22 
(0.297) (0.290) 
·5510 0.035 0.029 0.141 0.796 12.89 108.64 1.359 0.298 0.287 0.116 7.622 1.132 2.87 0.040 7.42 7.25 
(0.246) (0.246) 
5511 0.033 0.028 0.091 0.848 12.84 109.91 1.384 0.246 0.249 0.074 12.510 1.484 2.19 0.034 7.23 7.23 
(0.202) (0.205) 
5512 0.034 0.030 0.045 0.890 12.77 106.41 1.407 0.202 0.203 0.037 26.260 1.924 1. 60 0.023 8.78 8.91 
(0.163) (0.162) 
5513 0.034 0.028 0.028 0.910 12.07 112.86 1.532 0.163 0.161 0.023 42.629 2.559 1.37 0.017 9.59 9.52 
~: Figures in brackets are corrected for impurity and tube sealing damage. 
TABLE 5.5b 
T + H2- D2 (1:1 mixture)'" 
Argon moderator and Br2 scavenger 
Total (lxlOl~ Cl (in f on PHT (i!) PDT Volume 1-f -1 units -Sample X XHe3 X X (c.c.) Pressure PHT PDT f H2- D2 -r IT(:l-P~ of ClAr ) Cl f f Br2 H2-D2 Ar (cm. Hg) (n/cm ) 
(0.507) (0.386) 
1101 0.032 0.025 0.938 0.00 11.81 110.41 0.917 0.508 0.383 0.923 0.083 0.450 6.15 0.150 3.38 2.57 
(0.386) (0.323) 
1102 0.033 0.032 0.774 0.161 13.17 104.22 0.985 0.387 0.320 0.733 0.365 0.815 5.09 0.144 2.68 2.24 I 
(0.354) (0.312) ..... en 
..... 1103 0.032 0.037 0.602 0.329 13.00 106.34 0.937 0.355 0.309 0.549 0.820 0.916 4.06 0.135 2.62 2.33 I 
(0.356) (0.315) 
1104 0.037 0.038 0.406 0.519 13.10 95.87 0.921 0.357 0.312 0.354 1.825 0.905 2.97 0.1l9 2.99 2.65 
(0.319) (0.294) 
1105 0.032 0.035 0.335 0.598 13.25 106.00 0.940 0.320 0.291 0.288 2.473 1.059 2.61 0.1l0 2.90 2.67 
(0.285) (0.263) 
1106 0.030 0.033 0.247 0.690 13.28 113.20 0.879 0.287 0.261 0.208 3.803 1. 273 2.16 0.096 2.97 2.74 
(0.218) (0.195) 
1108 0.032 0.036 0.141 0.790 13.41 104.67 0.912 0.218 0.195 0.1l7 7.551 1.885 1.65 0.071 3.07 2.75 
(0.173) (0.155) 
1109 0.025 0.030 0.072 0.873 12.56 138.77 0.808 0.173 0.154 0.059 15.996 2.529 1.33 0.044 3.93 3.52 
(0.099) (0.090) 
1110 0.032 0.035 0.032 0.901 13.08 108.39 0.845 0.099 0.089 0.03l 38.466 4.775 1.17 0.026 3.81 3.46 
... ': Figures in brackets are corrected PHT and PDT values for impurity and tube sealing damage. 
TABLE 5.5c 
T + H2- D2 (1:1 mixture)* 
Krypton moderator and Br2 scavenger 
Total I/lX101~ Cl(in Volume 1-f -1 units f C%)PHT CpPDT Sample X XHe3 X X (c.c.) Pressure PHT PDT f - 1n(1 p) of '1zr) Br2 H2-D2 Kr (cm.Hg) (n/cm ) H2-D2 f Cl 
(0.397) (0.341) 
601 0.034 0.029 0.938 0.00 13.71 105.38 1.590 0.398 0.338 0.922 0.084 0.751 5.01 0.184 2.16 1.85 
(0.364) (0.317) 
602 0.034 0.033 0.746 0.187 13.09 107.38 1.575 0.365 0.314 0.702 0.424 0.879 4.05 0.173 2.10 1.83 
(0.310) (0.302) 1 603 0.033 0.028 0.554 0.385 13.27 108.43 1.618 0.311 0.299 0.498 1.010 1.062 3.17 0.157 1.97 1.92 ... U" (0.324) (0.296) 
'" 1 604 0.033 0.030 0.467 0.470 13.80 106.60 1.576 0.325 0.293 0.412 1.426 1.038 2.79 0.148 2.19 2.00 
(0.291 ) (0.265) 
605 0.033 0.029 0.372 0.565 12.64 106.55 1.555 0.292 0.263 0.321 2.110 1.231 2.40 0.133 2.19 1.99 
(0.243) (0.231) 
606 0.033 0.029 0.274 0.664 12.46 110.17 1.565 0.244 0.229 0.232 3.308 1.556 2.01 0.115 2.11 2.00 
(0.247) (0.226) 
608 0.032 0.032 0.228 0.707 11.58 106.20 1.491 0.248 0.224 0.191 4.225 1.564 1.83 0.104 2.37 2.17 
(0.203) (0.196) 
610 0.033 0.031 0.137 0.800 11.65 109.66 1.433 0.204 0.194 0.113 7.837 1.970 1.49 0.076 2.67 2.58 
(0.172) (0.158) 
. 611 0.033 0.027 0.092 0.848 13.03 108.50 1.459 0.172 0.157 0.075 12.352 2.509 1.33 0.056 3.07 2.82 
(0.100) (0.094) 
612 0.034 0.031 0.047 0.888 11.99 106.85 1.517 0.100 0.093 0.038 25.233 4.643 1.16 0.033 3.03 2.85 
(0.052) (0.045) 
613 0.034 0.031 0.018 0.917 12.05 106.59 1.576 0.052 0.045 0.015 67.035 9.808 1.06 0.014 3.71 3.21 
.... r Figures in brackets are corrected for impurity and tube sealing damage. 
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TABLE 5.6a 
(Parameters of the Kinetic Theory Plots cr' the first 
kind for the various systems) 
System Scavenger Mod- ~eac/l ~od/I ~eac/~od l/~od 
erator 
T+H2 lel He 0.80 0.033 2l,. 84+5 .96 30.00+3.6 
Ar 0.116 6.90+1.66 8.62+ 1. 03 
, 
Kr 0.122 6.57+1.58 8.20+0.98 
T+D2 He 0.75 0.040 18.75+4.50 25.00+3.00 
Ar 0.160 4.69+1.13 6.25+0.75 
Kr 0.143 5.24+1.26 6.99+0.71 
T+HD He 0.78 0.037 21.08+5.06 27 .03+3.24 
Ar 0.138 5.65+1.36 7.25+0.87 
Kr 0.153 5.10+1. 22 6.53+0.78 
T~2-D2) He 0.77 0.044 17.50+4.20 22.73+2.73 
0:1 mix.) Ar 0.143 5.38+1.29 6.99+0.84 
Kr 0.157 4.90+1.18 6.37+0.76 
T+(H2-D2) Br 2 He 0.77 0.045 17.11+4.11 22.22+2.67 
0:1 mix.) Ar 0.117 6.58+ 1. 58 8.55+1.03 
Kr 0.144 5.35+1. 28 6.94+0.83 
Table 5.6b 
Parameters of tre kinetic theory plots of the second kind for the various systems 
IIIT IDT ~I. Total "I" l)rr 2 KDT ~K. ~I2 System Scavenger Moderator (in <1nod) (in <1nod) . 1 from 1st in(<1nod)2 . 1 1 kind plot in(<1nod) 1 
T+H2 Ie1 He 30.00 
" " Ar 8.62 
" " Kr 8.20 
T+D2 " He 25.00 
" " Ar 6.25 I 
..... 
" " Kr 6.99 VI .... 
I 
T+HD 
" He 12.25 13.70 25.95 27.03 147.57 167.86 315.44+75.7 350.86+42.1 
" " Ar 3.15 4.62 7.77 7.25 10.50 17.10 27.60+ 6.6 28.20+ 3.4 
" " Kr 2.60 4.07 6.67 6.53 8.16 13.16 21.32+ 5.1 21.78+ 2.6 
T+H2-D2 " He 11.65 11.40 23.05 22.73 130.00 131.34 261.34+62.7 261.98+31.4 
" " Ar 3.67 3.50 7.17 6.99 12.20 12.80 25.00+ 6.0 25.06+ 3.0 
" " Kr 3.12 3.57 6.69 6.37 8.70 12.00 20.70+ 5.0 21.32+ 2.6 
T+H2-D2 Br2 He 11.95 11.65 23.50 22.22 134.28 131.43 265.71+63.8 261.29+31.3 
" " Ar 4.20 3.92 8.12 8.55 16.43 16.00 32.43+ 7.8 34.71+ 4.2 
" " Kr 3.75 3.50 7.25 6.94 13.30 12.89 26.19+ 6.3 25.15+ 3.0 
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TABLE 5. 7a 
COllisional dissociation probability of IIT",+ M 
Moderator Translational Dissociation probability at various vib.energies 
(M) energy (eV) O.O(eV) 1.0(eV) 2.0(eV) 3.0(eV) 4.0(eV) 
lie 4.00 0.00 0.09 0.71 0.98 0.98 
6.40 0.08 0.30 0.87 0.98 0.99 
10.24 0.26 0.58 0.93 0.98 0.99 
16.38 0.54 0.75 0.95 0.98 0.99 
26.21 0.74 0.87 0.98 0.98 0.99 
41.94 0.84 0.93 0.98 1.00 1.00 
67.11 0.92 0.94 0.99 1.00 1.00 
107.38 0.93 0.97 0.99 1.00 1.00 
Ne 4.23 0.00 0.07 0.63 1.00 1.00 
6.77 0.06 0.42 0.73 1.00 1.00 
10.84 0.37 0.69 0.98 1.00 1.00 
17.34 0.64 0.83 0.99 1.00 1.00 
27.75 0.80 0.93 1.00 1.00 1.00 
44.40 0.91 0.95 1.00 1.00 1.00 
71.04 0.97 0.99 1.00 1.00 1.00 
113.67 0.99 1.00 1.00 1.00 1.00 
Ar 4.51 0.00 0.18 0.88 1.00 1.00 
7.22 0.14 0.57 0.98 1.00 1.00 
11.56 0.53 0.78 1.00 1.00 1.00 
18.49 0.73 0.91 1.00 1.00 1.00 
29.59 0.89 0.98 1.00 1.00 1.00 
47.34 0.97 0.99 1.00 1.00 1.00 
75.74 0.99 1.00 1.00 1.00 1.00 
121.18 1.00 1.00 1.00 1.00 1.00 
Kr 4.66 0.00 0.27 0.89 1.00 1.00 
7.46 0.22 0.64 0.98 1.00 1.00 
11.94 0.62 0.76 1.00 1.00 1.00 
19.11 0.74 0.92 1.00 1.00 1.00 
30.57 0.90 0.98 1.00 1.00 1.00 
48.92 0.97 1.00 1.00 1.00 1.00 
78.27 1.00 1.00 1.00 1.00 1.00 
125.23 1.00 1.00 1.00 1.00 1.00 
Xe 4.54 0.00 0.31 0.81 1.00 1.00 
7.26 0.25 0.70 0.99 1.00 1.00 
11.62 0.68 0.77 1.00 1.00 1.00 
18.16 0.76 0.86 1.00 1.00 1.00 
29.76 0.92 0.98 1.00 1.00 1.00 
47.62 0.97 1.00 1.00 1.00 1.00 
76.19 1.00 1.00 1.00 1.00 1.00 
121.96 1.00 1.00 1.00 1.00 1.00 
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TABLE 5. 7b 
Co1lisiona1 dissociation probability of DT,"+M 
Moderator Translational Dissociation probability at various vib.energies 
(M) energy (eV) O.O(eV) 1. O( eV) 2.0(eV) 3.0(eV) 4.0(ev) 
He 4.44 0.00 0.170 0.79 0.98 0.98 
7.1l 0.14 0.50 0.91 0.99 0.98 
11.38 0.45 0.71 0.94 0.99 0.98 
18.20 0.68 0.84 0.97 0.99 0.98 
29.13 0.80 0.94 0.99 1.00 1.00 
46.60 0.90 0.95 0.99 1.00 1.00 
74.57 0.93 0.95 0.99 1.00 1.00 
119.31 0.95 0.97 0.99 1.00 1.00 
Ne 5.08 0.02 0.34 0.89 1.00 1.00 
8.13 0.42 0.61 0.97 1.00 1.00 
13.01 0.57 0.79 0.99 1.00 1.00 
20.82 0.77 0.91 1.00 1.00 1.00 
33.31 0.89 0.96 1.00 1.00 1.00 
53.29 0.96 0.99 1.00 1.00 1.00 
136.44 1.00 1.00 1.00 1.00 1.00 
Ar 5.52 0.06 0.50 0.96 1.00 1.00 
8.83 0.55 0.75 0.99 1.00 1.00 
14.12 0.70 0.90 0.99 1.00 1.00 
22.60 0.87 0.97 1.00 1.00 1.00 
36.16 0.96 0.99 1.00 1.00 1.00 
57.86 0.99 1.00 1.00 1.00 1.00 
92.57 1.00 1.00 1.00 1.00 1.00 
148.1l 1.00 1.00 1.00 1.00 1.00 
Kr 5.76 0.13 0.58 0.97 1.00 1.00 
9.22 0.55 0.74 1.00 1.00 1.00 
14.76 0.72 0.90 1.00 1.00 1.00 
23.62 0.88 0.92 1.00 1.00 1.00 
37.75 0.97 0.99 1.00 1.00 1.00 
60.46 0.99 1.00 1.00 1.00 1.00 
96.73 1.00 1.00 1.00 1.00 1.00 
154.78 1.00 1.00 1.00 1.00 1.00 
Xe 5.63 . 0.13 0.64 0.98 1.00 1.00 
9.01 0.62 0.74 1.00 1.00 1.00 
14.42 0.73 0.85 1.00 1.00 1.00 
23.07 0.81 0.98 1.00 1.00 1.00 
36.93 0.96 1.00 1.00 1.00 1.00 
59.08 1.00 1.00 1.00 1.00 1.00 
94.53 1.00 1.00 1.00 1.00 1.00 
151. 26 1.00 1.00 1.00 1.00 1.00 
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TABLE 5.8a 
Excitation function of T + rCl reaction 
T", atom T", atom Probabili ty Probability Total 
energy energy of TI of TCl probability 
Lab.(eV) Corn. (eV) formation formation of reaction 
0.25 0.245 0.58 0.16 0.74 
0.50 0.49 0.58 0.16 0.74 
1.00 0.98 0.57 0.14 0.71 
2.00 1.96 0.48 0.07 0.55 
4.00 3.93 0.00 0.00 0.00 
8.00 7.85 0.00 0.00 0.00 
16.00 15.71 0.00 0.00 0.00 
32.00 31.42 0.00 0.00 0.00 
64.00 62.84 0.00 0.00 0.00 
128.00 125.67 0.00 0.00 0.00 
256.00 251.35 0.00 0.00 0.00 
512.00 502.70 0.00 0.00 0.00 
TABLE 5.8b 
Excitation function of T+Br2 reaction 
p" atom T1, atom Probabili ty 
energy energy of TBr 
Lab. (eV) Corn. (eV) formation 
0.25 0.2l.5 0.76 
0.50 0.49 0.77 
1.00 0.98 0.75 
2.00 1.96 0.62 
4.00 3.93 0.00 
8.00 7.85 0.00 
16.00 15.70 0.00 
32.00 31.40 0.00 
64.00 62.82 0.00 
128.00 125.65 0.00 
256.00 251. 29 0.00 
512.00 502.30 0.00 
TABLE 5.9a 
Data used in sinru1ation of T+H2 
T", atom p" atom Probabili ty Probability Average Average Probabi li ty of HT;' 
energy energy of HT of. Ht, diss- internal kinetic co11isiona1 diss-
Lab. (eV) Com.(eV) formation OC1a 10n HT"'energy HT;'energy ociation in 
(eV) (eV) He Ar Kr 
0.25 0.10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.50 0.20 0.26 0.0 0.45 0.10 0.0 0.0 0.0 
I 
.... 
.1.0 0.40 0.50 0.0 0.45 0.21 0.0 0.0 0.0 V1 et) 
I 
2.0 0.80 0.63 0.0 0.68 0.43 0.0 0.0 0.0 
4.0 1.60 0.68 0.0 1.10 0.86 0.0 0.0 0.0 
8.0 3.20 0.71 0.0 1.91 1. 73 0.20 0.43 0.48 
16.0 6.40 0.58 0.02 3.1l 3.43 0.98 1.00 . 1.00 
32.0 12.80 0.18 0.45 3.12 8.49 0.98 1.00 1.00 
64.0 25.60 0.14 0.77 3.13 12.65 0.98 1.00 1.00 
128.0 51.20 0.04 0.89 3.48 28.66 0.99 1.00 1.00 
256.0 102.40 0.0 0.96 0.0 0.0 1.00 1.00 1.00 
512.00 204.80 0.0 0.98 0.0 0.0 1.00 1.00 1.00 
TABLE 5.9b 
Data used in simulation of T+D2 
T", atom T", atom Probability Probability Average Average Probabili ty of DT-:' 
energy energy of DT of D internal internal collisional 
Lab.(eV) Corn. (eV) formation diss6ciation DT"'energy DT"'energy dissociation in 
(eV) (eV) He Ar Kr 
0.25 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.50 0.29 0.31 0.00 0.45 0.09 0.00 0.00 0.00 I 
>-' 
en 
1.00 0.57 0.53 0.00 0.45 0.19 0.00 0.00 0.00 
'" I 
2.00 1.14 0.63 0.00 0.83 0.39 0.00 0.00 0.00 
4.00 2.29 0.68 0.00 1.52 0.80 0.00 0.00 0.00 
8.00 4.57 0.64 0.00 2.65 1.57 0.62 0.83 0.73 
, 
16.0.0 9.14 0.23 0.26 2.72 2.46 0.85 0.93 0.93 
32.00 18.29 0.10 0.61 2.81 3.80 0.95 0.98 0.98 
64.00 36.57 0.045 0.82 3.20 5.97 0.99 1.00 1.00 
128.00 73.14 0.011 0.91 3.28 8.26 0.99 1.00 1.00 
256.00 146.29 0.001 0.97 4.5 17.63 1.00 1.00 1.00 
512.00 292.58 0.00 0.99 0.00 0.00 0.00 0.00 0.00 
TABLE 5.9c 
Oata used in simulation of T+HD 
T1, atom T1'atom Probabi li ty Probability Probability Internal Kinetic Collisional dissociation of excited 
energy energy of HT'" of OT", of HO energy energy products in 
Lab. Corn. formation formation dissociation of products of products He Ar Kr 
system system 
(eV) (eV) HT OT HT,OT HT OT HT OT HT OT 
0.25 0.125 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.50 0.25 0.12 ·0.18 0.00 0.45 0.45 ~0;17 0.0- 0.0 0.0 0.0 0.0 0.0 
I 
1.00 0.50 0.21 0.31 0.00 0.45 0.45 0.25 0.0 0.0 0.0 0.0 0.0 0.0 .... ~ 
0 
2.00 1.00 0.25 0.37 0.00 0.74 0.82 0.51 0.0 0.0 0.0 0.0 0.0 0.0 I 
4.00 2.00 0.27 0.39 0.00 1.19 1.52 1.04 0.0 0.0 0.0 0.0 0.0 0.0 
8.00 4.00 0.29 0.38 0.00 2.05 2.75 2.10 0.30 0.7 0.54 1.0 0.6 1.0 
16.00 8.00 0.24 0.10 0.09 3.20 3.16 4.35 0.98 0.99 1.0 1.0 1.0 1.0 
32.00 16.00 0.07 0.03 0.54 2.75 3.63 6.31 0.96 1.0 1.0 1.0 1.0 1.0 
64.00 32.00 0.03 0.00 0.78 3.02 3.47 12.03 0.99 1.0 1.0 1.0 1.0 1.0 
128.0 64.00 0.01 0.00 0.90 3.20 4.00 17.64 0.99 1.0 1.0 1.0 1.0 1.0 
256.00 128.00 0.00 0.00 0.96 3.74 4.5 5.12 1.0 1.0 1.0 1.0 1.0 1.0 
512.00 256.00 0.00 0.00 0.98 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 5.9d 
Theoretical cr values 
Estrup's Hard-sphere Hard-sphere Empirical 
soft-sphere eqn (5.6) (this work) values 
at 4 eV (this work) 
H2 - 1.13 0.68 1.08 
D2 0.15 0.92 1.06 0.92 
HD - 1.00 0.89 1.00 
HZ -D2(1:1) - - - 0.95 
He 0.10 0.92 0.97 0.10 
Ar - 0.14 0.19 0.38 
Kr - 0.07 O.ll 0.42 
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TABLE 5.10a 
Theoretical product yields 
T + H2 
(He moderator, lCl scavenger) 
F 
·reac F' SCA F. mod P' HT P' DT P' SCA P. yields 
0.816 0.048 0.136 0.844 0.000 0.010 0.844 
0.642 0.044 0.314 0.825 0.000 0.023 0.825 
0.523 0.041 0.436 0.819 0.000 0.017 0.819 
0.426 0.038 0.536 0.820 0.000 0.015 0.820 
0.343 0.038 0.619 0.793 0.000 0.030 0.793 
0.241 0.040 0.719 0.768 0.000 0.047 0.768 
0.076 0.038 0.886 0.584 0.000 0.139 0.584 
0.126 0.030 0.844 0.673 0.000 0;068 0.673 
0.039 0.040 0.921 0.402 0.000 0.176 0.1,02 
0.053 0.036 0.911 0.499 0.000 0.159 0.499 
0.053 0.042 0.905 0.484 0.000 0.148 0.484 
I = 2.565 absolute units 
= 25.646 in units of C(He 
TABLE 5.10b 
Theoretical product yi.elds 
T + H2 
(Ar moderator, lCl scavenger) 
F. F' SCA F. mod P' HT P' DT P' SCA P. yields reac 
0.928 0.045 0.027 0.826 0.000 0.015 0.826 
0.790 0.045 0.165 0.799 0.000 0.020 0.799 
0.624 0.044 0.332 0.752 0.000 0.031 0.752 
0.262 0.039 0.699 0.589 0.000 0.054 0.589 
0.462 0.043 0.495 0.719 0.000 0.022 0.719 
0.364 0.043 0.593 0.640 0.000 0.040 0.640 
0.160 0.041 0.799 0.461 0.000 0.059 0.461 
0.061 0.039 0.880 0.282 0.000 0.066 0.282 
0.025 0.036 0.939 0.101 0.000 0.082 0.101 
0.049 0.039 0.912 0.173 0.000 0.087 0.173 
0.051 0.031 0.918 0.190 0.000 0.071 0.190 
0.049 0.036 0.915 0.177 0.000 0.105 0.177 
I = 2.565 absolute units 
= 6.749 in units of C(Ar 
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TAilLE 5.10c 
Theoretical Product Yields 
T+H2 
(Kr moderator, TCl scavenger) 
0.821 0.029 0.150 0.805 0.000 0.010 0.805 
0.683 0.043 0.274 0.766 0.000 0.020 0.766 
0.468 0.043 0.489 0.683 0.000 0.038 0.683 
0.372 0.042 0.586 0.642 0.000 O.Ol,O 0.642 
0.286 0.040 0.674 0.552 0.000 0.049 0.552 
0.150 0.039 0.811 0.L,05 0.000 0.059 0.L,05 
0.103 0.037 0.860 0.297 0.000 0.061 0.297 
0.042 0.030 0.928 0.154 0.000 0.070 0.154 
0.051 0.033 0.916 0.174 0.000 0.053 0.174 
0.051 0.039 0.910 0.173 0.000 0.072 0.173 
0.051 0.044 0.905 0.182 0.000 0.081 0.182 
I = 2.565 absolute units 
= 6.106 in units of ~r 
TABlE 5.11 a 
Theoretical Product Yields 
T + D2 
(He moderator, lCl scavenger) 
F. 
reac 
0.916 
0.749 
0.550 
0.405 
0.338 
0.257 
0.154 
0.071 
0.034 
F' SCA 
0.048 
0.048 
0.044 
0.045 
0.042 
0.040 
0.042 
0.038 
0.037 
0.036 0.000 
0.203 0.000 
0.406 0.000 
0.550 0.000 
0.620 0.000 
0.703 0.000 
0.804 0.000 
0.891 0.000 
0.929 0.000 
I = 2.194 absolute units 
= 21.938 in units of a He 
0.828 
0.824 
0.794 
0.784 
0.753 
0.747 
0.678 
0.510 
0.356 
0.021 
0.017 
0.032 
0.035 
0.042 
0.054 
0.077 
0.1l.7 
0.192 
P •. Id yl.e s 
0.828 
0.824 
0.794 
0.784 
0.753 
0.747 
0.678 
0.510 
0.356 
F. 
reac 
0.918 
0.701 
0.554 
0.413 
0.326 
0.233 
0.160 
0.074 
0.055 
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TABLE 5.11b 
Theoretical Product Yields 
T + D2 
(Ar moderator. lCl scavenger) 
0.050 0.032 0.000 0.809 0.013 0.809 
0.047 0.252 0.000 0.768 0.025 0.768 
0.045 0.401 0.000 0.725 0.042 0.725 
0.044 0.5t,3 0.000 0.648 0.041 0.648 
0.043 0.631 0.000 0.615 0.045 0.615 
0.040 0.727 0.000 0.523 0.045 0.523 
0.042 0.798 0.000 0.398 0.072 0.398 
0.040 0.886 0.000 0.256 0.092 0.256 
0.040 0.905 0.000 0.182 0.076 0.182 
I = 2.194 absolute units 
= 5.773 in units of cr Ar 
TABLE 5.11c 
Theoretical Product Yields 
T + D2 
(Kr moderator. lCl scavenger) 
0.756 0.047 0.197 0.000 0.794 0.024 0.794 
0.615 0.043 0.342 0.000 0.730 0.029 0.730 
0.501 0.046 0.453 0.000 0.693 0.042 0.693 
0.286 0.038 0.676 0.000 0.556 0.037 0.556 
0.202 0.042 0.756 0.000 0.460 0.063 0.460 
0.148 0.042 0.810 0.000 0.385 0.069 0.386 
0.098 0.034 0.868 0.000 0.248 0.055 0.248 
0.066 0.048 0.894 0.000 0.201 0.080 0.201 
0.042 0.030 0.927 0.000 0.125 0.058 0.125 
I = 2.194 absolute units 
= 5.223 in units of ~r 
F. 
reac 
0.395 
0.462 
0.579 
0.322 
0.239 
0.159 
0.063 
0.038 
0.117 
0.040 
0.039 
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TABLE 5.12a 
Theoretical Product Yields 
T + HO 
(He moderator, le1 scavenger) 
0.040 0.565 0.371 0.445 0.032 
0.036 0.502 0.368 0.437 0.021 
0.044 0.377 0.380 0.444 0.023 
0.039 0.639 0.361 0.433 0.039 
0.039 0.722 0.348 0.413 0.045 
0.039 0.802 0.324 0.395 0.064 
0.038 0.899 0.226 0.280 0.153 
0.030 0.932 0.150 0.188 0.181 
0.038 0.845 0.295 0.356 0.085 
0.038 0.922 0.179 0.224 0.194 
0.048 0.913 0.168 0.211 0.259 
P •. 1d Y1e s 
0.815 
0.805 
0.824 
0.794 
0.760 
0.718 
0.506 
0.338 
0.650 
0.403 
0.379 
IHT : 1.029 absolute units 
10.290 in units of flUe 
lOT = 1.220 absolute units 
= 12.200 in units of flHe 
F. 
reac 
0.929 
0.680 
0.653 
0.513 
0.388 
0.290 
0.193 
0.115 
0.035 
0.045 
0.043 
F' seA 
0.044 
0.040 
0.043 
0.042 
0.0111 
0.038 
0.038 
0.038 
0.036 
0.032 
0.041 
TABLE 5.12b 
Theoretical Product Yields 
T + BD 
(Ar moderator, le1 scavenger) 
0.027 0.376 0.451 
0.280 0.361 0.434 
0.304 0.362 0.1129 
0.445 0.332 0.402 
0.571 0.301 0.373 
0.672 0.264 0.336 
0.769 0.212 0.267 
0.847 0.160 0.200 
0.929 0.060 0.78 
0.923 0.076 0.100 
0.916 0.073 0.090 
0.014 0.827 
0.017 0.795 
0.020 0.791 
0.022 0.733 
0.033 0.674 
0.031 0.600 
0.056 0.479 
0.076 0.360 
0.095 0.138 
0.072 0.176 
0.089 0.163 
IHT = 1.029 absolute units 
= 2.709 in units of flAr 
10T= 1. 220 absolute uni ts 
= 3.210 in units of flAr 
F. 
reac 
0.034 
0.074 
0.162 
0.242 
0.323 
0.414 
0.509 
0.602 
0.761 
0.037 
0.036 
0.038 
0.039 
0.039 
0.039 
0.041 
0.041 
0.038 
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TABLE 5.12c 
Theoretical Product Yields 
T + HD 
(Kr moderator, rCl scavenger) 
0.929 
0.890 
0.800 
0.719 
0.638 
0.547 
0.450 
0.357 
0.201 
0.050 0.065 
0.110 0.142 
0.168 9.220 
0.229 0.292 
0.275 0.343 
0.303 0.377 
0.320 0.388 
0.339 0.410 
0.356 0.424 
0.089 
0.068 
0.052 
0.044 
0.038 
0.032 
0.029 
0.021 
0.026 
P •. Id y~e s 
0.115 
0.252 
0.388 
0.521 
0.618 
0.680 
0.708 
0.749 
0.780 
IHT = 1.029 absolute units 
= 2.451 in units of OKr 
IDT =_ 1.220 absolute units 
2.905 in units of OKr 
F. 
reac 
0.806 
0.714 
0.554 
0.407 
0.332 
0.239 
0.158 
0.077 
0.048 
0.048 
0.034 
TABLE 5.13a 
Theoretical product Yields 
T+H2D2 (1:1 mixture) 
(He moderator, IC1 scavenger) 
0.049 0.145 0.470 0.377 0.018 0.847 
0.043 0.243 0.468 0.384 0.014 0.852 
0.045 0.401 0.447 0.369 0.022 0.816 
0.040 0.553 0.445 0.364 0.024 0.809 
0.040 0.628 0.435 0.356 0.030 0.791 
0.040 0.721 0.419 0.356 0.049 0.774 
0.038 0.804 0.379 0.325 0.067 0.704 
0.037 0.886 0.296 0.257 0.137 0.552 
0.038 0.914 0.239 0.207 0.155 0.447 
0.047 0.905 0.246 0.207 0.212 0.452 
0.033 0.933 0.194 0.165 0.180 0.359 
lilT =_ 1.282 absolute units 
12.82 in units of a He 
IDT =_ 1.097 absolute units 
10.97 in units of ~e 
F. 
reac 
0.921 
0.760 
0.523 
o .l,20 
0.333 
0.221 
0.165 
0.080 
0.050 
0.048 
0.029 
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TAIlLE 5.13b 
Theoretical Product Yields 
T + H D (1:1 mix.) 
(Ar moderatof, rCl scavenger) 
0.048 0.031 0.466 0.386 0.011 0.852 
0.046 0.194 0.455 0.377 0.018 0.831 
0.046 0.431 0.420 0.346 0.033 0.765 
0.047 0.533 0.380 0.323 0.036 0.703 
0.043 0.624 0.364 0.308 0.Ol,2 0.672 
0.041 0.738 0.292 0.262 0.045 0.55l, 
0.040 0.795 0.236 0.205 0.053 0.441 
0.041 0.879 0.153 0.135 0.087 0.288 
0.038 0.912 0.105 0.096 0.092 0.201 
0.042 0.910 0.104 0.095 0.085 0.199 
0.037 0.934 0.061 0.056 0.090 0.117 
lilT = 1. 282 absolute units 
= 3.374 in units of ClAr 
IDT : 1.097 absolute units 
- 2.887 in units of ClAr 
F. 
reac 
0.922 
0.702 
0.498 
0.412 
0.321 
0.232 
0.191 
0.113 
0.075 
0.038 
0.015 
F' SCA 
0.054 
0.051 
0.048 
0.047 
0.047 
0.045 
0.044 
0.04 t , 
0.043 
0.044 
0.044 
TABLE 5.13c 
Theoretical product Yields 
T + H2D2 (1:1 mix.) 
(Kr moderator, rCl scavenger) 
0.024 0.467 0.376 
0.247 0.444 0.363 
0.454 0.399 0.341 
0.541 0.390 0.328 
0.632 0.352 0.299 
0.723 0.293 0.252 
0.765 0.262 0.230 
0.843 0.178 0.154 
0.882 0.133 0.118 
0.918 0.068 0.063 
0.941 0.032 0.028 
0.015 
0.021 
0.026 
0.042 
0.042 
0,062 
0.065 
0.077 
0.089 
0.099 
0.098 
0.843 
0.806 
0.741 
0.719 
0.651 
0.545 
0.492 
0.332 
0.252 
0.131 
0.060 
lilT: 1.282 absolute units 
- 3.053 in units of ~r 
IDT = 1.097 absolute units 
= 2.612 in units of aKr 
-168-
TABLE 5.14a 
Theoretical Product Yields 
T + H2D2 (1.1 mix.) 
(He moderator, Br 2 scavenger) 
F. F' SCA F. mod P' HT P' DT P' SCA P. yields 0' reac 
" 
1 0.917 0.055 0.028 0.468 0.379 0.019 0.847 , 0.682 0.051 0.267 0.456 0.369 0.024 0.826 i 
0.652 0.051 0.297 0.445 0.371 0.026 0.816 
0.509 0.050 0.441 0.454 0.376 0.028 0.830 
0.409 0.049 0.542 0.41,9 0.365 0.042 0.814 
0.327 0.01,8 0.625 0.436 0.359 0.041 0.796 
0.249 0.01,6 0.705 0.424 0.353 0.053 0.777 
0.162 0.038 0.800 0.390 0.319 0.091 0.709 
0.116 0.046 0.838 0.354 0.302 0.104 0.657 
0.074 0.044 0.882 0.296 0.249 0.160 0.545 
0.037 0.045 0.918 0.207 0.179 0.222 0.387 
lilT ~ 1.282 absolute units IDT ~ 1.067 absolute units 12.823 in units of ClHe 10.674 in units of ClHe 
TABLE 5.14b 
Theoretical Product Yields 
T + 1l2D2 (1:1 mix.) 
(Ar moderator, Br2 scavenger) 
F. F' SCA F. mod P' HT P' DT P' SCA P. yields reac 
0.923 0.052 0.025 0.468 0.381 0.011 0.848 
0.733 0.051 0.216 0.454 0.372 0.019 0.826 
0.549 0.048 0.403 0.430 0.359 0.030 0.789 
0.354 0.053 0.593 0.361 0.305 0.040 0.665 
0.288 0.045 0.667 0.351 0.301, 0.052 0.655 
0.208 0.041 0.751 0.296 0.255 0.055 0.552 
, 0.117 0.043 0.840 0.198 0.173 0.074 0.371 
'\ I 0.059 0.033 0.908 0.120 0.106 0.063 0.226 
0.025 0.041 0.934 0.058 0'.050 0.094 0.108 
IHT = 1.282 absolute units IDT = 1.067 absolute units 
= 3.374 in units of ClAr = 2.887 in units of ClAr 
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TABlE 5.14c 
Theoretical Product Yields 
T+H
2
D2 (1:1 mix.) 
(Kr moderator, Br2 scavenger) 
0.922 0.054 0.024 0.467 0.376 0.015 0.843 
0.702 0.051 0.247 0.444 0.363 0.021 0.806 
0.498 0.048 0.454 0.399 0.341 0.026 0.741 
0.412 0.047 0.541 0.390 0.328 0.042 0.719 
0.321 0.047 0.632 0.352 0.299 0.042 0.651 
0.232 0.045 0.723 0.293 0.252 0.062 0.545 
0.191 0.044 0.765. 0.262 0.230 0.065 0.492 
0.113 
0.075 
0.038 
0.015 
0.044 0.843 0.178. 0.154 0.077 0.332 
0.043 0.882 0.133 0.118 0.089 0.252 
0.044 0.918 0.068 0.063 0.099 0.131 
0.044 0.941 0.032 0.028 0.098 0.960 
IHT = 1.282 absolute units 
= 3.664 in units of crKr 
IDT = 1.097 absolute units 
= 3.134 in units of ~r 
TABlE 5.15a 
Theoretical Product Yields 
without co11isiona1 dissociation function 
for T+HD in helium moderator 
0.395 0.040 0.565 0.430 0.454 
0.462 0.036 0.502 0.404 0.463 
0.579 0.044 0.377 0.442 0.471 
0.322 0.039 0.639 0.404 0.436 
0.239 0.039 0.722 0.407 0.436 
0.159 0.039 0.802 0.382 0.425 
0.063 0.038 0.899 0.280 0.331 
0.038 0.030 0.932 0.201 0.242 
0.117 0.038 0.845 0.369 0.414 
0.040 0.038 0.922 0.212 0.254 
0.039 0.048 0.913 0.178 0.224 
0.033 0.884 
0.028 0.867 
0.003 0.914 
0.017 0.840 
0.040 0.843 
0.054 0.807 
0.073 0.611 
0.118 0.443 
0.041 0.784 
0.164 0.466 
0.249 0.403 
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TABLE 5.15b 
Theoretical Product Yields 
without collisional dissociation function for 
T + HD in argon moderator 
F. F' SCA reac F. mod P' HT P' OT P' SCA P'yields 
0.929 0.044 0.027 0.429 0.466 0.006 0.895 
0.680 0.840 0.280 0.419 0.453 0.009 0.872 
0.653 0.043 0.304 0.407 0.450 0.016 0.857 
0.513 0.042 0.445 0.398 0.417 O. OIl, 0.815 
0.388 0.041 0.571 0.340 0.376 0.007 0.716 
0.290 0.038 0.672 0.308 0.361 0.035 0.670 
0.193 0.038 0.768 0.266 0.316 0.047 0.582 
0.115 0.038 0.847 0.198 0.234 0.065 0.432 
0.035 0.036 0.929 0.059 0.062 0.055 0.122 
0.045 0.032 0.923 0.089 0.110 0.105 0.200 
0.043 0.041 0.916 0.086 0.096 0.112 0.182 
TABLE 5.15c 
Theoretical Product Yields 
without collisional dissociation function 
for T + HO in Krypton moderator 
F. F' SCA F. mod P' HT P' OT P' SCA P. yields reac 
0.034 0.037 0.929 0.090 0.067 0.159 
0.074 0.036 0.890 0.124 0.152 0.045 0.275 
0.162 0.038 0.800 0.253 0.300 0.047 0.553 
0.242 0.039 0.719 0.288 0.342 0.044 0.630 
0.323 0.039 0.638 0.328 0.387 0.019 0.715 
0.414 0.039 0.547 0.362 0.416 0.026 0.778 
0.509 0.041 0.450 0.367 0.416 0.034 0.783 
0.602 0.041 0.357 0.379 0.437 0.008 0.816 
0.761 0.038 0.201 0.420 0.449 0.009 0.869 
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TABLE 5.16a 
Theoretical Product Yields 
without co11isiona1 dissociation function for 
T+H202 (lC1 scavenged) in helium 
moderator 
F· reac F.SCA F'mod P' HT P' OT P' SCA P'yie1ds 
0.806 0.049 0.145 0.504 0.393 0.009 0.897 
0.714 0.043 0.243 0.503 0.394 0.008 0.898 
0.554 0.045 0.401 0.488 0.381 0.011 0.870 
0.407 0.040 0.553 0.486 0.385 0.020 0.871 
0.332 0.040 0.628 0.474 0.376 0.023 0.850 
0.239 0.040 0.721 0.467 0.377 0.034 0.844 
0.158 0.038 0.804 0.434 0.351 0.047 0.785 
0.077 0.037 0.886 0.362 0.297 0.088 0.659 
0.048 0.038 0.914 0.305 0.255 0.138 0.560 
0.048 0.047 0.905 0.291 0.243 0.178 0.534 
0.034 0.033 0.933 0.237 0.202 0.152 0.439 
TABLE 5.16b 
Theoretical Product Yields 
without col1isiona1 dissociation function 
for T+H202 (lCl scavenged) in argon moderator 
F. F.SCA F. mod reac P' HT P' OT P' SCA P. yields 
0.921 0.048 0.031 0.510 0.389 0.008 0.899 
0.760 0.046 0.194 0.492 0.390 0.009 0.882 
0.523 0.046 0.431 0.474 0.379 0.019 0.853 
0.420 0.047 0.533 0.434 0.354 0.022 0.787 
0.333 0.043 0.624 0;414 0.347 0.022 0.761 
0.221 0.041 0.728 0.339 0.283 0.043 0.623 
0.165 0.040 0.795 .0.298 0.245 0.046 0.542 
0.080 0.041 0.879 0.187 0.164 0.070 0.351 
0.050 0.038 0.912 0.133 0.115 0.087 0.248 
0.048 0.042 0.910 0.137 0.120 0.080 0.257 
0.029 0.037 0.934 0.088 0.78 0.078 0.166 
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TABLE 5.16c 
Theoretical Product Yields 
without collisional dissociation function ;Tor 
T+H2D2 (lCl scavenged) in Krypton 
moderator 
F. F' SCA F. reac . mod P' HT P'DT P' SCA P. yields 
0.823 0.043 0.134 0.499 0.385 0.009 0.884 
0.699 0.046 0.255 0.487 0.377 0.010 0.864 
0.500 0.040 0.460 0.452 0.365 0.015 0.817 
0.396 0.041 0.563 0.427 0.352 0.022 0.779 
0.318 0.040 0.642 0.395 0.328 0.032 0.723 
0.226 0.037 0.737 0.332 0.283 0.033 0.615 
0.049 0.038 0.913 0.119 0.104 0.075 0.223 
0.156 0.040 0.804 0.269 0.226 0.054 0.495 
0.098 0.039 0.863 0.194 0.163 0.081 0.357 
0.051 0.030 0.919 0.124 0.109 0.062 0.233 
0.052 0.043 0.905 0.134 0.116 0.071 0.250 
TABLE 5.17a 
Theoretical Product Yields 
without collisional dissociation function for 
T+H2D2 (Br2 scavenged) in helium moderator 
F. F' SCA F. mod reac P' HT P 'D'T P' SCA P. yields 
0.917 0.055 0.028 0.514 0.383 0.010 0.898 
0.682 0.051 0.267 0.497 0.374 0.014 0.871 
0.652 0.051 0.297 0.499 0.369 0.014 0.869 
0.509 0.050 0.441 0.488 0.370 0.019 0.858 
0.409 0.049 0.542 0.492 0.374 0.025 0.866 
0.327 0.048 0.625 0.474 0.371 0.031 0.846 
0.249 0.046 0.705 0.477 0.364 0.030 0.8l11 
0.162 0.038 0.800 0.449 0.348 0.046 0.797 
0.116 0.046 0.838 0.408 0.323 0.080 0.731 
0.074 0.044 0.882 0.359 0.294 0.115 0.653 
0.037 0.045 0.918 0.251 0.215 0.199 0.465 
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TABLE 5.17b 
Theoretical Product Yields 
without collisional dissociation function for T+H2D2 
(Br2 scavenged) in argon moderator 
F. F' SCA F. mod P' HT P' OT P' SCA P. yields reac 
0.923 0.052 0.025 0.5ll 0.390 0.004 0.901 
0.733 0.051 0.216 0.505 0.389 0.014 0.894 
0.549 0.048 0.403 0.482 0.376 0.018 0.858 
0.354 0.053 0.593 O.ll04 0.3l14 0.037 0.749 
0.288 0.045 0.667 0.383 0.322 0.025 0.705 
0.208 0.041 0.751 0.346 0.287 0.043 0.633 
0.117 0.Ol13 0.840 0.235 0.207 0.068 0.443 
0.059 0.033 0.908 0.144 0.125 0.082 0.269 
0.025 0.041 0.934 0.080 0.072 0.104 0.151 
TABLE 5.17c 
Theoretical Product Yields 
without collisional dissociation function for T+H202 (Br 2 scavenged) in krypton moderator 
F. F' SCA F. mod P' HT P' OT P' SCA P. yields reac 
0.922 0.054 0.024 0.516 0.390 0.004 0.906 
0.702 0.051 0.2l17 0.492 0.378 0.001 0.870 
0.498 0.048 0.454 0.468 0.375 0.019 0.842 
0.412 0.047 0.541 0.429 0.349 0.027 0.777 
0.321 0.047 0.632 0.425 0.347 0.031 0.772 
0.232 0.045 0.723 0.330 0.277 0.033 0.607 
0.191 0.044 0.765 0.315 0.267 0.056 0.581 
0.1l3 0.044 0.843 0 .. 225 0.192 0.054 0.417 
0.075 0.043 0.882 0.170 0.147 0.076 0.318 
0.038 0.044 0.918 0.076 0.070 O.lll 0.146 
0.015 0.044 0.941 0.035 0.031 0.122 0.066 
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shown in the graphs in the form of error bars. Corrections were made 
for the "tube-sealing damage" (in the T+D2 -D2 and T+fID systems) and for 
the hydrogen impurity in the deuterium (in the T+D2 and T+H2-D2 systems). 
These corrections are discussed in Appendix IV. The corrected p. values 
1. 
are shown in brackets in the appropriate tables (5.2-5.5). 
A kinetic theory analysis of a highly reactive system such as the 
T+H2 is not an easy task. The assumptions upon which the theory is 
based are least valid as P approaches unity. The KT-I plots give 
straight lines but some points showed considerable deviation (especially 
in the helium moderated systems) as the f approaches unity. In 
reac. 
all cases the deviations indicate that the total product yields 'p's 
were higher than they should be if they were to conform to the kire tic 
theory. Naturally, this point was taken into consideration when drawing 
the straight lines and extrapolation was based on the highly moderated 
samples where the kinetic theory holds best. Furthermore, the study 
of each system in three different moderators (He, Ar and Kr) helped 
to determine the intercept (rr 11) with more certainty since, in 
-Teac 
rr 
theory, the term ( Ir) is independent of the moderator used and should 
be the same for the three moderators. This has been particularly use-
ful for the helium moderated systems (where the deviations are most 
pronounced), for considering the results of helium moderated samples 
alone (in the KT-l plots) ~nd attempting to establish the intercepts 
and slopes might lead to considerable error (lower a..:eac/I and an 
apparent curvature at, the highly moderated samples). 
The KT-2 plots showed the expected curvature for highly reactive 
systems. Here again, the curvatures were more pronounced for the 
helium moderated systems and the slopes were reversed at the higher 
end of the f/rr axis. Nevertheless the extrapolation of the curves to 
f/rr = 0 gave straight lines. The intercepts (I, ,s) and slopes (K. 's) 
1 1 
of these Hnes are listed in table (5.6.b)' along wi.th other parameters 
required for the internal consistency checks of 'the kinetic theory. 
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The scavenger competition effects (discussed in Chapter Ill) 
were not corrected for in the experimental results as they were 
included in the theoretical calculations of the product yields. 
(ii) Theoretical Results 
The theoretical product yields (p. 's) and reactivity integrals (I. 's) 
~ ~ 
were obtained by using the simple stochastic model described in Chapter 
IV. 
The hard sphere energy transfer model was used to obtain the 
followi.ng excitation functions ,-
a) Hot reaction of tritium atoms with H
z
' DZ and HD. 
b) Collisional dissociation of excited HT and DT (formed in step a) 
as a result of collision with the surrounding moderating species 
(He, Ar and Kr). 
c) The dissociation of reactant molecules as a result of collision 
with the hot atom, and finally 
d) The hot reaction of the tritium atoms with the scavenger (lCl or 
The probability of each process (as a function of energy) was 
calculated and the results used (as described in Appendix Ill) in 
order to simulate the hot atom reaction yields for the followi.ng 
systems,-
(i) T + Hz .... HT + H 
(H) T + DZ-'DT+D 
(Hi) T + H2-D2 (1:1 mix)+BT + B ; DT +D 
(iv) T + BD -+HT + D 
The Model 
The principles of the model have been already described in 
Chapter IV. It has been found(68a) that using the technique described 
500 atoms may be used to obtain P. values which show reproducibility 
~ . 
of better than +5%. " The "initial energy of the hot atoms was 300 eV. 
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In order to simulate the experimental results of this work, 
r. ,f. and f. d of each sample were used as data for the 
reac sea fiD 
program along with the appropriate excitation functions and the energy 
loss parameters (areac' asca and ~od)' The choice of these parameters 
is discussed below. 
Determination of a reaction probability 
The hard-sphere model produces the excitation functions of each 
0 2 possible reaction in the form of cross section (A ) versus translational 
energy of the hot atom. The reaction probability at a particular 
energy is obtained by dividing the reaction cross section by the total 
cross section of all processes, i.e. reaction, dissociation, scattering, 
etc. The probability of dissociation of the reactant molecules (as a 
result of collision with hot atoms) is determined in a similar manner. 
Determination of the probability of collisional 
dissociation of an excited product molecule 
The computer program of the hard-sphere model (Appendix 11) was 
run to determine the probability of collisional dissociation of an 
excited product. This was done as follows: 
a) - The excited product molecule (HT or DT) was assumed at rest 
(molecule 12 in Figure 11.2a) and the moderator atom (He, Ne, Ar, 
Kr and Xe) as the moving collision partner. 
b) The product molecule was given different vibrational energies 
(0.0 eV, 1.0 eV, 2 eV; 3 eV and 4.0 eV) and the excitation 
function (i.e. cross section vis translational energy) was 
obtained for each of them. 
The results of these runs are listed in table S.7a and in table 
S.7b for the HT and DT respectively. Figure S. 6 shows the variation 
of HT (at 0.0 eV vibrational energy) dissociation probability with 
the translational energy of the molecule in various moderators. The 
figure clearly shows that collisional dissociation increases with the 
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energy of the HT molecule and with the mass of the moderator atom. 
Figures S.6a-S.6c shows the variation of the dissociation probability 
of both HT and DTwith their translational energies at different 
vi brational energies in He, Ar and Kr moderators. Thus by determi.ning 
the average internal (vibrational +.rotational) energy and trans-
lational energy of a product (normally listed in the output of the hard-
sphere computer program) it is possible to determine the average 
probability of collisional dissociation of translationally excited 
product formed at each hot reaction from the appropriate graphs in 
Figures S.6a-S.6c. The excitation functions of the Iel and Br2 
(scavengers) hot reaction with tritil~ atoms are presented in tables 
S.8a and S.8b respectively. The excitation functions of T+H2 , T+D2 
and T+HD reactions are listed (in tables S.9a-S.9c respectively) along 
with the collisional dissociation functions of the reactant molecules 
and the excited products. 
The energy loss parameter, a 
The simplest theoretical model for the calculation of a assumes 
a hard-sphere collision and is mathematically expressed in equation (S. 6). 
(39) Estrup assumed a more realistic soft-sphere potential and found 
that values of a could be lower (than the values obtained from the 
hard-sphere calculations) by an order of magnitude. However, due to 
the lack of accurate potentials no more attempts were made to calculate 
absolute values of a. Instead the kinetic theory treatment of experi-
mental results have been expressing the values of a and I (the 
reac 
reactivity integral) in units of ~nod. 
Since the simulation of a hot reaction requires the use of 
absolute values of a, it was necessary to investigate the available 
absolute values found i.n the literature. Furthermore, values of a· 
were calculated by the hard-sphere model that was used in this work 
to obtain the excitation functions. These values are listed in 
table S.9d. 
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After few preliminary runs on some single-product systems 
(T+H2 and T+D2) and after comparing the theoretical product yields 
(obtained from simulating the reaction of each system in each moderator) 
with their experimental counterparts it became apparent that.-
(i) by using the hard-sphere values of a-hydrogen (all and aD ) 
2 2 
good agreement was observed between experimental and theoretical 
product yields in systems consisting of pure reactant. 
(ii) the use of hard-sphere values of ~od did not produce satisfactory 
results. This was not unexpected since the parameters of the KT-I 
plots (table 5.6a) have shown that the relative magnitude of (experi-
mentally determined values) aHe.aAr:~r in the hydrogen systems was 
in sharp contrast with that observed in the hard-sphere values as well 
as with the experimental values reported in the literature for T+RIl 
system(99). However, further investigation showed that the use of 
(39) 
the average soft-sphere value of nue produced good results. 
Unfortunately, no soft-sphere values of aAr and ~r were found in the 
literature. 
In the light of these Observations the absolute values of aAr and 
a Kr had to be determined empirically. i .• e. by feeding approximate 
values of aAr (or ~r) into the computer program and comparing the 
predicted (theoretical) product yields with the experimental product 
yields of the highly (Ar or Kr) moderated samples. Thus by substituting 
1.08 for a H and by repeatedly substituting different values of aAr 2 
(in highly Ar-moderated T+H2 system) best agreement (between the 
theoretical and experimental product yields) was observed when aAr was 
substituted by 0.38. The value of ~r (0.42) was obtained in a similar 
manner. These empirically determined values were successfully used 
in simulating two-product systems such as T+HD and T+D2-D2 (1,1). 
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The results of these simulations are tabulated in the following 
order:-
[He,Ar and Kr moderators - tables s.IO(a-c)l 
[n 
[" 
" 
" 
" 
" " 
" " 
" " 
T+H2D2(1:1) [He, Ar and Kr moderators 
and Br 2 scavenger 
- tables s.ll(a-c)] 
- tables s.12(a-c)] 
- tables s.13(a-c)] 
- tables s.l4(a-c)] 
Compari.son of experimental and theoretical product yields 
The experimental and theoretical product yields were plotted 
against the reactant collision probability f 
reac 
shown in Figures s.7a - s.lOc. 
The results are 
The computer program calculates the reac tivi ty integrals and 
expresses them in both absolute values and in units of C)uod (for direct 
comparison with kinetic theory parameters). These values are listed 
under each table (s.lOa - s.14c). 
C) Discussion 
(t) Kinetic theory plots of the first kind (KT-I) 
The most interesting feature of the KT-I plots is the order which 
rt seems to follow on going from helium to krypton moderator. By 
-1110d 
comparing the ratios areac/~od (and I'/~od) for each system in the 
three different moderators -(table s.6a and figures (s.l-S.sd)) it 
becomes obvious that a He <aAr and - except in the T+D2 system -
aAr<~r' Apparently this is in contradiction with what has been so 
far (theoretically) predicted(99,39) and/or experimentally determined 
- h T d t (99,61,50,88,24) 1n t e + hy rocarbon sys ems • Indeed earlier 
workers were attracted to the use of helium moderator because of its 
relatively large a. The results of Westhead(61) and Seewald(99,sO) 
showed that I/~nod in the T+CH4 system increases with the atomic weight 
of the moderator, i.e. IT decreases On ,going from helium to xenon. 
-mod 
-225-
Similar general trends were observed in systems of heavier hydrocarbons 
h (61.58) such as et ane • 
(ii) Kinetic theory plots of the 2nd kind (KT-2) 
These plots enable the evaluation of the reactivity integrals 
of individual products Ii (expressed in units of ~od) and the energy 
. 
shadowing integrals Ki's (in units of (o,.od)2) for each product. 
Table 5.6b lists the parameters obtained from these plots. The last 
two columns contain the internal consistency check 
and ~I~otal which seem to suggest that the kinetic 
parameters ~K. 
• 1. 
1. 
theory is holding 
out even in the highly reactive systems studied in this work. 
K. integrals are potentially of great interest since they provide 
1. 
information about the degree of shielding a particular reaction suffers. 
and consequently information about the relative energies at which hot 
atoms can undergo different reactions(150). Thus i.n order to apply this 
cri terion to our systems. Le. to determine the relative energy ranges 
at which HT and DT are formed. the K./I. term suggested by Wolfgang(149) 
1. 1. 
and R. term proposed by Urch(150) were calculated and listed in table 5.18. 
1. 
(iii) The relative energy ranges for HT and DT 
formation in the hydrogen systems 
The values of Killi and the values of Ri (listed in table 5.18) 
agreed in predicting that HT is formed at slightly higher energies than 
DT in both T+HD and T+H2-D2(l:1) systems. This finding. in tum. agrees 
with the theoretical excitation functions obtained in Chapter IV 
(Figure 4.3 and Figure 4.5) and showed that excitation functions of 
the HT formation starts at slightly higher mean energies than those 
of the DT formation. 
(iv) Variation of HTIRT ratio with moderation 
As we have seen in the previous sections (i-iii) the principal 
objective of a moderation study is to investigate the relative energy 
ranges of the various products of a hot reaction. By addition of an 
inert moderator to the reactant. the va~~es off and a in equation 5.16 
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Table 5.18 
I. K. K. 
System 1 1 2 1 K. (min) K. (max) R. (~od) (~od) I. 1 1 1 1 
T+ HJ:H.IC 1+ He 
HT 12.25 147.57 12.05 75.03 305.84 0.31 
DT 13.70 167.86 12.25 93.84 261.67 0.44 
T+HJ:H.ICl+Ar 
HT 3.15 10.50 3.33 4.96 19.52 0.38 
DT 4.62 17.10 3.70 10.67 25.23 0.44 
T+HJ:H. IC1+Kr 
HT 2.60 8.16 3.14 3.38 13.96 0.45 
lJT 4.07 13.16 3.23 8.28 18.87 0.46 
,', .', -1: 
.'. 
.... , 0': ,'r 
T+H2-D2+IC1+He 
lIT 11.65 130.00 11.16 67.86 200.67 0.47 
DT 11.40 131.34 11.52 64.98 197.79 0.50 
T+H2-D2+ICl+Ar 
HT 3.67 12.20 3.32 6.73 19.58 0.42 
DT 3.50 12.80 3.66 6.12 18.97 0.52 
T+H2-D2+ICl+Kr 
HT 3.12 8.70 2.79 l,.87 16.00 0.35 
DT 3.57 12.00 3.36 6.37 17.50 0.50 
,'t .... : ,'; -.': ,', ,': .. '; 
T+H2 -D2+Br2+He 
HT 11.95 134.28 11.24 71.40 210.60 0.45 
DT 11.65 131.43 11.28 67.86 207.10 0.46 
T+H2-D2+Br2+Ar 
HT 4.20 16.43 3.91 8.82 25.28 0.46 
DT 3.92 16.00 4.08 7.68 24.15 0.50 
T+H2-D2+Br 2+Kr 
HT 3.75 13.30 3.55 7.03 20.16 0.48 
DT 3.50 12.89 3.68 6.12 19.25 0.51 
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could be varied and estimates of I., K. and R. could be derived. As 
1. 1. 1. 
the mole fraction of a moderator is increased (f decreased) the 
reac 
average energy of the tritium atoms upon reaction is decreased. Thus 
the probability of a high energy (product) formation is reduced. This 
will cause the ratio of high-energy to low-energy products to decrease. 
However, before discussing the hydrogen system it is necessary to 
review the T+RH systems and the variation of the HT/RT variation in 
different moderators. This is especially so because of the controversy 
which has surrounded the use of He moderator since the early days (1960) 
and which is still not completely resolved. As mentioned previously, 
early workers used helium moderator almost exclusively(88) and it was 
invariably observed that HT/RT increased with moderation(90) which led 
to the conclusion that HT is formed at lower average energies than 
RT(l,59). However, Seewald and WOlfgang(50,99) observed that the 
HT/CH3T ratio (in the T+CH4 system) decreased in neon and argon 
moderated systems, thus leading to the opposite conclusion as to the 
relative energy ranges of the HT and CH3T. Furthermore, they found 
that the HT yields did not fit the kinetic theory of hot reactions. 
These workers concluded that excess helium allowed tritium to reach 
chemical energies as ions, which in turn gave rise to spurious HT. 
Consequently, the use of helium moderator was avoided in later years. 
Nevertheless, some workers persevered in their attempts to explain 
the helium anomaly. Some of their hypotheses are discussed below:-
1 - The range of recoil tritium atoms on helium 
The most recent work on the subject was published by Malcolme-
Lawes(114) who recalculated the ranges of recoil tritium atoms in 
various gases including the inert gas moderators (see Chapter 11). 
The new range of recoil tritium atoms in helium was found to be 
appreciably less than previously thought(120). This meant that the 
p. 's should be actually less than those calculated by using the old 
1. 
ranges. Thus when ~he data of Seewald and WOlfgang(50,99) was re-
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calculated and analysed the kinetic theory parameters conformed to 
the internal consistency check and the curvatures (previously observed 
in the KT-l plot and in the HT yields of the KT-2 plot) disappeared. 
Thus the hypothesis of ionic tritium contribution to the HT in helium 
moderated systems was no longer required. 
2 - The collisional dissociation of translationally excited products 
The concept of collisional dissociation of excited HT was initiated 
by MalCOlrne-Lawes(77). Using a computer simulation based On the hard-
sphere energy transfer model (discussed in Chapter IV and listed in 
Appendix 11) he found that the excitation function for the formation 
of HT (in the T+RH system) starts at substantially higher (and extends 
to lower) energies than the excitation function of the RT formation. 
The first application of this finding was to reconcile the two con-
flicting hypotheses (high energy stripping mode of reaction vis low 
energy cut-off model) concerning the relative energy ranges of HT 
and RT formation. A direct consequence of the high energy stripping 
mode of reaction is that the momentum of the hot atom is largely con-
verted into momentum of the HT products. Further, investigation showed 
that much of these highly translationally excited products are 
internally excited as well. This finding prompted the investigation 
of the possibility of - this HT product - dissociating upon collision 
with species present in the surroundings. Using the hard-sphere model 
the dissociation probabilities were calculated for excited HT 
colliding with the noble gas moderators. The results showed that the 
collisional dissociation probability decreases in going from xenOn to 
helium moderator. This in effect means that different excitation 
functions were obtained in different moderators, being largest in 
helium moderated systems and smallest in xenon moderated systems. 
Since the collisional dissociation of 
(RT) were not thought to play a major 
the parent labelled molecules 
(77 61) 
role ' the net moderator 
effect on HT/RT ratio would pe as fo1l6ws:-
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a) In helium moderated systems, HT/RT increases with moderatlon. 
b) In neOn moderated systems, HT/RT decreases slightly as the mole 
fraction of the moderator increases and 
c) In argon, krypton and xenon moderated systems, HT/RT decreases 
sharply (most so in xenon) as the mole fraction of the moderator 
increases. 
These conclusions seemed to agree with the experimental results(77). 
In this work, a similar approach was taken in order to investigate 
the collisional dissociation hypothesis. 
The collisional dissociation probabilities of translationally 
and internally excited HT and DT were calculated and incorporated in 
the excitation function of the appropriate reaction. Figure 5.6 shows 
the collisional dissociation probability of HT molecule as a function 
of its translational energy (internal energy = 0.0 eV). The results 
are qualitatively identical to those obtained by Malcolme-Lawes(77). 
The probability of collisional dissociation of translationally excited 
HT increased in going from He to Xe. In Figures 5.6a-5.6c, the 
probabilities of collisional dissociation of both HT and DT were 
calculated at varying values of internal energies (0.0 eV 4.0 eV) 
in helium, argon and krypton moderators. The graphs show that at 
comparable translational and internal energies, the DT dissociation 
probability is higher than that of HT. Tables (5.9a-5.9c) show the 
dissociation probabilities (for HT and DT) as a function of the hot 
tritium atom translational energy in each moderator (He, Ar and Kr). 
The commOn features in these functions are: 
1) Collisional dissociation becomes subs tan tial at ..... 8.0 eV and 
increases sharply to reach unity at higher energies. 
2) Tritium atoms with translational energies of less than~8.0 eV 
produce stable products, i.e. give rise to no collisional 
dissociation of products. 
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3) It follows that isotopic effects (whether the product is HT 
or DT) and moderator effects (whether He, Ar or Kr moderator 
is used) are expected to influence the pro~uct yield over a 
relatively narrow energy range (~8-12 eV). Above that range, 
total dissociation of both products occurs and below which both 
products survive. Thus, unlike the situation in T+RH systems 
(where only the high energy abstraction product is primarily 
involved in collisional dissociation processes) both products 
are substantially involved in collisional dissociation processes 
in the hydrogen systems (T+H2-D2 and T+HD). Analysis of the 
experimental data in the light of this argument and others will 
be discussed below. 
3 - Variation in a with energy in the reaction zone 
(24,117) One of the most fundamental assumptions in Estrup-Wolfgang 
kinetic theory is that a (the average logarithmic energy loss per 
collision) varies sufficiently slowly with energy in the reaction 
1 (1,117) region to be meaningfully represented by an average va ue , 
i.e. a is treated in the kinetic theory analysis as energy independent 
parameter. That this may not be the case has also been suggested 
(35,39,42,63) The absolute values of a were initially calculated 
using a rigid-sphere energy transfer model (table 5.9d). However, 
more realistic calculations based on a soft-sphere interaction potentials 
yielded a values that were in certain cases lower by an order of 
magnitude(39). Furthermore, the calculation showed that whilst the 
value of OcH was approximately constant over the energy range studied 
4 
(0.0-12.0 eV), a decreased four-fold (from~0.2 to -0.05) over the He 
same energy range. Estrup concluded that inspite of this, the kinetic 
theory was not affected, but the interpretation of hot atom data 
would depend strongly on which interaction model was used. However, 
Urch(63) argued that only slight variations in ~ can invalidate the 
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the conclusions drawn from the theory as to the relative energies of 
hot atoms that produce particular products. By allowing a to be a 
function of energy, Urch maintained, explanations for all deviations 
observed in the behaviour of the kinetic theory were available. A 
theoretical study of these effects (variation of a with energy) On the 
kinetic theory was performed by MalCOlme-Lawes(68a) who concluded that:-
1 - If ~ and ~ (r and m refer to reactant and moderator respectively) 
were both reasonably constant throughout the reactive region a 
good kinetic theory fit was obtained and the kinetic parameters 
were an accurate reflection of the system. 
2 - If ~ and ~ varied with energy but the ratio ~/om was constant 
over the reactive region the kinetic parameters might still be 
useful in determining the mean energy of product formation. 
However, 
3 - If the ratio ~/~ varied with energy over the reactive zone, 
a "good" kinetic theory fit could still be obtained although 
the derived kinetic parameters might be quite misleading. 
4 - The kinetic theory could yield adequate kinetic parameters 
even for highly reactive systems as long as ~/~ remain constant 
over the reaction region. 
In view of the above conclusions, and in· particular the effect 
of the variation of ar/~ on the kinetic· theory analysis, coupled with 
Estrup's calculations of a values for He and CH4 (which shows OCH /aHe 4 
to increase with energy over the reaction zone) it should not be 
surprising to find that the helium moderated (alkane) systems are the 
most "troublesome" when analysed by the kinetic theory. 
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Guided by such theoretical arguments and by experimental results 
of moderation studies in various T+RH systems, some workers(58,6l) 
found that variation in ~ with the energy of the hot tritium atoms 
was the most plausible explanation for the inconsistencies observed 
in recoil tritium chemistry. This opinion however has been rivalled 
by the hypothesis of collisional dissociation of excited - high energy 
abstraction - products, and in the absence of any conclusive evidence 
in support of either opinion a situation of a stalemate has existed 
for the last decade. Therefore, the results of this work will be 
reviewed with this situation in mind to see if fresh evidence could 
be found in support of either hypothesis. 
v) Evidence in support of a dependence on energy 
Before discussing a, it is necessary to emphasise the implicit 
role of the collision cross-section parameter ST . (equation 5.5). 
-) 
(117,1) Wolfgang assumed that although ST . changes with energy the 
-) 
ratio of these values (as expressed in equation 5.5) should not be 
strongly energy dependent. 
The interdependence of a and S arises from the relationship 
between the theoretical reaction integral "R",and the reactivity 
integral "I" used in the kinetic theory. 
E2 
R = J ST-r p(E) d ln E 
p(E) d ln E 
where r in equation (5.22) refers to the reactant. 
Thus R = I x S T-r if S f. SCE) 
••• •• (5.22) 
••••• (5.23) 
• •••• (5.24) 
It follows that other parameters obtained from the kinetic theory 
analysis such as a and IT d are in effect multip]ed by ST and 
reac -mo -r 
ST respectively. Therefore, in the following discussion a should be 
-m 
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understood to represent ~ the energy loss parameter and the collision 
cross section parameter, i.e. a He = aHe'ST-He' aH = a H ,ST_H ,etc. 222 
Since the kinetic theory assumes the energy independence of both 
parameters, it would still be interesting to study the combined effect 
of both parameters on the kinetic theory by means of the experimentally 
determined values of a. Felder and' Kostin(41) evaluated the energy 
dependent collision density of hot atoms but indicated that a is also 
energy dependent and that errors may be introduced if the energy 
dependence of a I.as not expl ici t ly taken into account. 
1 - Investigation of ~od in the hydrogen system 
and the hydrocarbon system 
The KT-I plots of the T+H2 system (discussed in section C-i) 
indicated that the values of ~od of the noble gas moderators increased 
on going from helium to krypton, Le. ~e < aAr < aKr • Analogous 
studies of a d (of the noble gas moderators) in the T+RH systems 
mo 
indicated that the values of ~od followed an opposite trend(50,58,61,99) 
Le. a He > a Ne > aAr > a Kr > aXe' This surprising contradiction in the 
behaviour of the noble gas moderators in the two different systems 
(T+H2 and T+RH) could be readily reconciled by considering the reactivities 
of the two systems and how that might influence the mean energy of the 
tritium atoms flux upon reaction. 
Due to the high reactivity of the hydrogen (T+H2 ) system one 
expects the tritium atoms to react whilst their mean translational 
energy is still relatively high. On the other hand, the reactivity 
of a hydrocarbon system (T+RH) is relatively low when compared to that 
of the hydrogen system. Consequently, the mean energy - of the tritium 
atoms flux - upon reaction in the hydrocarbon systems would be lower 
than in the highly reactive systems of hydrogen and its isotopes 
(D 2 ,H2-D2Cl:l) and HO). Therefore', it seems reasonable to suggest 
that the observed values of a
mod in the hydrog~n system and in the 
hydrocarbon system represent the energy loss parameters in a high 
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energy zone and a lower energy zone respectively. As the values of 
~od derived from the two systems are different this argument leads 
to the inevitable conclusion that the values of ~od varies with the 
energy of hot tritium atoms. Further analysis of the values of ~od 
in the system shows that:-
a) The change of ~od with energy is most obvious in helium 
moderated systems and that crHe decreases on going from the 
hydrocarbon system (T+RH) to the hydrogen system (T+H2), i.e. 
crHe decreases as the energy of tritium atoms increases. This 
. (39) 
observation is in good agreement w~th Estrup's soft-sphere 
calculations of ~e as a function of energy. 
b) The nature of change (increase or decrease) of ~od for the rest 
of the inert gas moderators is more difficult to predict. The 
observed reversal in the relative values of ~od in the two systems 
(hydrogen and hydrocarbon) could be illustrated by either of the 
two following models: 
i) Model "A" is shown in Figure 5.11a. It suggests that ~od 
could only decrease as the energy of tritium atoms increases. 
The magnitude of change (decrease) in ~od increases On 
going from xenon moderator (where a is almost constant) to 
helium moderator where a He shows a substantial decrease as 
the energy of tritium atoms increases. The principal assump-
tion upon which this model is based (i.e. ~od could only 
decrease as the energy increases) comes from the lack of any 
theoretical background suggesting otherwise. However, 
Estrup's(39) soft-sphere calculations of OCH ,crD and a He 4 2 
tend to support this model(by showing that none of these a's 
increases with energy). Unfortunately, nO such calculations 
have been published for the rest. of the inert gas moderators. 
I 
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ii) Model "B"(figure 5.11b) is similar in principle to the model 
suggested by Westhead(61). It shows that ~od either decreases 
(as in helium) or increases (as in the rest of the noble gas 
moderators) with the energy of tritium atoms. The magnitude 
of change (increase) in the latter group increases On going 
from Ne to Xe moderators. 
Clearly both models satisfactorily explain the observed reversal 
in the relative values of ~od on going from the hydrogen system to the 
hydrocarbon system. 
2 - The effect of energy dependence of 
n on the ratios of product yields 
mod 
Consider a system in which product A is formed at higher energy 
range than product B and suppose that:-
a) n is energy independent 
The role of an inert gas in moderation studies is (as suggested 
by the kinetic theory) solely to attenuate the energy spectrum of 
tritium atoms within the region of hot reactions. By increasing the 
mole fraction of a moderator, the mean energy of hot tritium atoms upon 
reaction is lowered and thus the probability of formation of the low-
energy product B is enhanced i.e. the P(A)/P(B) ratio decreases as the 
mole fraction of the moderator increases. This energy shadowing 
effect(I,60,99,50) tends to disfavour the formation of the low-energy 
product B, simply by depriving the low-energy region from those tritium 
atoms that had already reacted at higher energies to form product A. 
b) n is energy dependent 
In this case, the ratio of high-energy product to low-energy 
product P(A)/P(B) is determined not only by the m"agnitude of moderation 
alone (as shown in a) but by the degree of ~od variation (with energy) 
as well. In order to understand this new factor it is perhaps necessary 
to recall the term n(E)dE as expressed in .equation 5.2. The equation 
indicates that n(E)dE (the number of coll:isions made by the hot atonl" 
between E and E + dE) is inversely proportional to n. Thus if n is 
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small, the hot atom goes through a relatively large number of collisions 
per energy decrement and consequently has a high probability of 
encountering a reactant species and reacting with it. The reverse is 
true in systems where the value of ~od is relatively high. Now if 
~od changes within the same system (i.e. changes as the energy of hot 
tritium atoms cool) then the effect on P(A)/P(B) ratio would depend on 
the relative change (both in magnitude and sign) in ~od on going from 
the high-energy range (where product A is formed) to the low-energy 
region of product B formation. Thus if ~od decreases as the energy of 
tritium atoms increases then the probability of product A formation 
would be enhanced and that of product B reduced. This would result in 
a gradual increase in P(A)/P(B) ratio as the high limit of moderation 
is approached. On the other hand if ~od increases as the energy 
increases then the P(A)/P(B) ratio tends to decrease with moderation. 
In summary, it could be argued that the observed change in the 
P(A)/P(B) ratio in a moderation series could be the net result of the 
following factors:-
1) The attenuation of the energy spectrum of hot tritium atoms 
causes the ratio to decrease as the mole fraction of a moderator 
is increased. This is the principal factor in systems where 
~od remains constant in the relevant energy range (Fl ). 
2) The variation of ~od (with the energy of tritium atoms) and 
the way it might influence the various product yields and the 
energy shadowing effects (F2). 
Now if cr d increases(with the energy of tritium atoms) then the 
mo 
observed change in P(A)/P(B) ratio with moderation would be the 
result of the combined effect of both factors Fl and F2 • On the other 
hand if cr d decreases (as the energy of tritium atoms increases) then 
mo 
the observed change in the P(A)/P(B) ratiQ.is the net effect of the 
two opposing factorB. It follows that; 
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a) If Fl> F2 then the net result is decrease. 
b) If Fl~ F2 then the net result is little or no change, but 
c) If Fl < F2 then the net result is an increase in the P(A)/P(B) 
ratio as the moderator mole fraction is increased. 
The above argument was the basi s upon which mode 1 "A" (for the 
variation of ~od with energy) was formulated. 
3 - Investigation of some T+RH systems 
In the light of the above discussion, we have re-investigated 
some of the published data(6l) On the reaction of recoil tritium atoms 
with alkanes. The main interesting feature in these systems is the way 
in which HT/RT varies with moderation on going from helium moderated 
to krypton moderated systems. Invariably the following trends have 
been observed in moderation studies 
a) HT/RT increases in helium moderated systems(6l,99,50,58) as the 
fraction of moderator increases. 
b) HT/RT decreases in the rest of the inert gas moderators as 
fraction of moderator increases. The decrease in the ratio 
however, was roughly proportional to the atomic mass of the inert 
gas i.e. the decrease is minimal in neon moderated systems and 
maximal in systems moderated by xenon. 
In order to explain this behaviour two rival hypotheses have 
been presented in recent years. On the one hand, the collisional 
dissociation hypothesis(77,67) (see section iv-2) emphasised the role 
of high-energy abstraction product (HT) and its fate (i.e. stabilisation 
or dissociation) in various moderators. On the other hand, the 
variation of a (particular ~Od) with energy was proposed to play the 
major role in determining the final products and their relative yields 
(see section iv-3). 
Table 5.19 
Comparison of parameters obtained from T+RH systems and T + hydrogen system 
(All reactivity integrals are expressed in units of 
'1nod) 
T+C H 1, 2 6 T+CH ,', 4 T+CO ,', 4 T+H2 -0 2 (1: 1)""" 
Moderator Br2 scavenger 
lHT I lHT lCH T lOT lCO T lHT lOT C2H5T 3 . 3 
He 1.115 0.405 0.883 0.535 0.838 0.380 11.95 11. 65 (1. 235) (0.543) (2.139) (0.751) (1. 749) (0.674) 
Ne 1.273 0.841 0.615 0.803 0.776 0.829 I (1. 649) (1.127) (0.989) (1. 281) (0.973) (1. 271) N 
'" 
'" I 
Ar 0.430 0.331 4.20 3.92 (0.773) (0.750) 
Kr 0.810 0.760 0.510 0.980 0.649 1.164 3.75 3.50 (1.198) (1. 373) (0.532) (2.368) (0.738) (1.397) 
Xe 1.230 1.334 (1.427) (1. 607) 
~'~ results obtained from reference 61. the figures in brackets are those of oxygen 
scavenged systems. All other figures are taken from Br2 scavenged systems. 
-:.-1: results obtained in this work. 
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In view of the findings of this work, regarding the observed 
reversal in the values of ~od on going from a hydrocarbon system to 
a hydrogen system (see section v-I) we have reviewed Westhead's 
results(61) with a particular interest in the individual reactivity 
integrals (10 's) and their relative values in various moderators. 
o 1 
Table (5.19) shows the results of the bromine scavenged and the oxygen 
scavenged (in brackets) systems ofOthe T + ethane, T + methane and T + 
methane-d4 reactions along with the results of the T+H2-D2(1:1) system 
that was obtained in this work. 
The following trends were readily observed in the methane and 
methane-d4 systems. 
a) The values of the reactivity integrals of the substitution 
products (ICH T and ICD T) increased On going from helium to 3 3 
krypton moderated systems. 
b) The reactivity integrals of the abstraction products (IHT and 0 
I DT) decreased on going from helium to krypton moderated systems. 
This trend is analogous to that observed in the hydrogen system 
These trends seem to indicate that the values of ~od in the 
substitution region follow the order predicted by the hard-sphere model 
i.e. crHe:>crNe:>crKr' On going to the abstraction region however, the 
order was reversed showing a striking similarity to that observed in 
the hydrogen systems i.e. crHe<:crAr<:crKr' 
The behaviour of ~od in the methane systems and the apparent 
reversal in the relative values of cr d on going from the low-energy 
.mo 
region of substitution to the higher-energy range of abstraction 
confirms, independently, the behaviour of ~od on going from one system 
to another i.e. from methane to hydrogen. 
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In the ethane system however, the trends of amod on going from 
one energy region to another were less clear. The reactivity integrals 
of the main substitution product (IC H T) increase on going from helium 
2 S 
to xenon moderated system (table S.19). This indicates that the values 
of amod follow the order observed in the methane system and in accordance 
with the hard-sphere predictions. However, the reactivity integrals 
of the abstraction product (IHT) appear to remain approximately constant 
in all moderators. The failure of the IHT in the ethane systems to 
show a clear trend of variation in different moderators is probably due 
to either or both of the following reasons. 
a) Unlike methane (which produces only two significant products), 
the ethane systems produce a variety of products whose energy of 
formation appear to lie (except in helium moderated systems) 
somewhere between the two main products C2HST and HT(61). The 
effect of these intermediate products and their competition for 
tritium atoms in a relatively higher energy ranges than the 
substitution products (i.e. closer to the energy range of HT 
formation) might contribute to the lack of a clear trend in the 
values of IHT in different moderators. 
b) As the alkane molecules become more complex the substitution 
excitation function tenwto broaden by extending to a higher 
(60) 
energy range ,thus increasing the degree of overlapping 
between the excitation functions of the two main products (HT 
and RT). The effect of increased overlapping might be better 
understood with the help of the models that describe the variation 
of amod with the energy of tritium atoms (discussed in section v-1 
and shown in figures S.lla and S.llb). The models suggest that 
the maximum effect of the variation of ~ on the ratios of 
-mod 
product yields in different moderators would occur if the two 
excitation functions were completely separated and with the point 
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"X" in the figures (5.lla and 5.llb) falling in between. This 
ideal situation is unlikely to be encountered in actual systems. 
However it is useful in demonstrating that as a system departs 
from this ideal situation towards an opposite one (where the 
excitation functions approach a complete superimposition and/or 
both exci tation functions fall on the same side of point "X") the 
effect of ~od variation (with energy) on the ratios of product 
yields would gradually decrease and in extreme cases (as we shall 
see in the hydrogen systems) completely disappear. Thus as the 
RT excitation functions extend to higher energy ranges (which in 
the methane systems are exclusively reserved for the HT formation) 
both products would compete for the same tritium atoms and thus 
tend to obscure the clear trends observed in the methane systems 
regarding the variations of the individual reactivity integrals 
in different moderators. 
4 - Variation of ~od and the scavenger competition effects 
Perhaps the most interesting consequence of the above discussion -
concerning ~od and its variation with energy - was a satisfactory 
explanation to a paradox that was encountered in the scavenger study 
of the hydrogen system when the observed results were analysed in the 
light of the "corrected kinetic theory for scavenger effects"C7l, 7 2) 
(Chapter III and reference 124). The contradiction could be best 
illustrated by recalling equation 3.4 derived from the "corrected theory". 
fr 
= - A K • 
2 i 
a 
. ... . (3.4) 
The term represents the slope of the extrapolated scavenger 
curve to f 
s 
o 
= 0 where the "true" hot yields (PHT) should 
of scavenger competition and thus depend only on the term 
be independent 
fr 
- , regardless 
a 
of the nature of the scavenger. In highly. moderated systems such as 
those used in our ~cavenger study - a co~ld be thought of as ~od' Jt 
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follows that as ~od decreases the negative slope of the scavenger 
curve increases and vice versa. In other words the degree of scavenger 
competition is predicted to be more pronounced in systems of low ~od 
values than in systems where the values of ~od are relatively high. 
Thus when comparison of the slopes of the scavenger curves (table 3.02 
and figures 3.2A-3.2D ) showed that the slopes were less steep in 
helium moderated systems than in ar'gon (or krypton) moderated systems, 
it was correctly concluded that the theoretical predictions were in good 
agreement with the observed experimental results. Obviousiy the con-
clusion was based on the fact that QHe was considerably larger than 
QAr (and QKr) as predicted by both the hard-sphere and the soft-sphere 
models and confirmed by kinetic theory analyses of various hydrocarbon 
(99,52) 0 
systems • However, comparison of the "'true"' hot yields (P HT) in 
various moderators (figures 3.2A - 3.2C and table 3.01) showed that 
their values were highest in the helium moderated systems. Since 
the "'true"' hot yields depend only on 
fr 
, we were led to the con-
clusion that QHe value was substantially lower than that of QAr (or OKr). 
Clearly, this conclusion contradicts the one reached earlier. 
The contradiction could be readily resolved if Q were assumed 
to change with energy in accordance with either of the models discussed 
earlier (see section v-l and figures 5.lla and 5.llb). The models 
suggest that at high energy (of tritium atoms) the values of ~od follow 
the order QHe<$:QAr <OKr. As the energy of tritium atoms decreases the 
values of ~od (for all inert gas moderators) gradually approach and 
finally intercept each other at point "'X"' in the models. Below point 
"'X"' the order of ~od is gradually reversed and becomes analogous to 
that predicted by t he hard -sphere mode 1 i. e. QHe» QAr > ~r. 
A scavenger study of the hydrogen system would provide an ideal 
situation for studying the variation of ~od with energy (of the hot 
tritium atoms) and a stringent test for the models discussed above. 
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Unlike the hydrocarbon systems (where the excitation functions of the 
main products extensively overlap over a critical energy zone(60), the 
"hydrogen-scavenger" system provides us with a situation where the 
overlapping between the excitation functions of the two main products 
(HT and ST; where S stands for scavenger) is relatively minimal and the 
intercept point "X" (in the models, figures 5.lla and 5.llb) falling 
suitably between them. This would help to widen the energy gap between 
the zones at which (HT)'-' and (ST)'-' are formed U' means exclusively hot 
product yields). It is clear that all these factors lead to a situation 
where we have two more or less distinct energy zones: 
a) a high-energy Zone where HT is predominantly formed and where 
the order of ~od is ClHe«ClAr < ClKr and 
b) a low-energy ZOne where ST is formed and the order of ~od is 
analogous to the hard-sphere predictions Le. ~e»ClAr>~r' 
As a result of the above conclusions it would be reasonable to 
expect that in the scavenger study:-
o The values of the true hot yields (P HT ) should be higher in 
helium than in argon or krypton moderated systems and yet; 
2) the slopes should - as predicted by the corrected kinetic theory 
for scavenger e'ffects - be steeper in systems moderated by argon 
(or krypton) than their counterparts in helium moderated systems. 
The above example is a classic demonstration of the hypothesis 
that the "original" kinetic theory could - by assuming Cl to be energy 
independent - lead to serious discrepancies, the resolution of which 
is possible only by allowing Cl to be a function of the hot atoms energy(35,63) 
vi) Specific aspects of the hydrogen system 
Some of the basic characteristics of the hydrogen system are:-
a) Simplicity; which enables us to perform theoretical calculations 
of the various excitation functions ,rather easily. 
b) The high reactivity of the systems 'provide, a stringent test of, 
the kinetic theory where some of its basic assumptions are least 
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valid. 
c) Both products of the hydrogen systems (HT and DT) are capable of 
dissociating (when excited) upon collision with the surrounding 
species and finally, 
d) The existence of a certain degree of analogy between the excit-
ation functions of the T+HD system and those of the T+RH systems 
at the higher end of energy scale provide an interesting basis 
for correlating the effect of moderation on the two systems. 
In the following discussion we shall investigate some specific 
aspects of the hydrogen systems with particular interest in the energy 
dependence of CJ. and the collisional dissociation of excited products. 
Naturally, the effect of these factors on the kinetic theory analysis 
will be also considered. 
1 - a 
reactant 
The role of CJ.
reac 
has been so far ignored mainly because the effect 
of moderation on the ratios of the various product yields are most 
pronounced in highly moderated samples where the contribution of CJ. 
reac 
(to CJ.-total) is minimal. However, theoretical calculations (see 
section iv-3 and reference 68(a)) showed that parameters obtained from 
kinetic theory analysis could be quite misleading if the ratio of 
n In d varies with the energy of tritium atoms. Obviously such a 
-reac JIlO 
situation could arise if; 
a) ~ is energy 
eac 
dependent and CJ. d is constant, mo 
b) ~od is energy dependent and CL is constant, or reac 
c) both Cl
reac 
and ~od are energy dependent but the magnitudes of 
their energy dependence are dissimilar. 
It follows that the importance of CJ. ( 
reac CJ.H ' CJ.D and CJ.HD in this 2 2 
work) lies in its contribution to the variation of CJ.reac/~od (with the 
energy of tritium atoms) ratio over the whole range of moderation. With 
these considerations in mind, it is perhaps appropriate to recall the 
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empirically determined values of aH ,aD and a BD and to note the 2 2 
striking agreement with the hard-sphere predictions in both order 
and magnitude (table 5.9d). Although the absolute values of the 
(empirically determined) a's depend on the accuracy with which the 
excitation functions were calculated, they nevertheless indicate that 
collisions of hot tritium atoms with hydrogen are largely elastic over 
the reactive energy range. Furthermore, soft-sphere calculation of (39) CXoz 
showed that it is virtually energy independent. Thus it seems that the 
variation of a Irr d ratio (with energy) in the hydrogen systems is 
reac 1110 
governed mainly by the behaviour of ~od in the relevant energy range. 
Now if we consider model "A" (figure 5.lla) for the variation of 
~Od with energy then we can expect that; 
a) the variation of a let d with the energy of tritium atoms to 
reac -roD 
be most substantial in helium moderated systems and least (or 
possibly absent) in hydrogen systems moderated by xenon, and 
consequently 
b) any deviations from kinetic theory analysis should be most 
obvious in systems moderated by helium and virtually non-existent 
in xenon moderated samples. 
On the other hand, model "B" (figure 5.llb) assumes that a Be 
decreases and that ~e' aAr , aKr and aXe increase (in that order) with 
the energy of tritium atoms. This means that the variation of 
rr Irr is minimal in the neon moderated systems and maximal in 
-Teac -mod 
xenon and helium (although different in sign) moderated systems. 
One final comparison of a values can be made. Seewald(99) found 
that his experimentally determined values of a-hydrogen (aB ,aD and 
2 2 
a HD ) followed the order predicted by the hard-sphere model. Further-
more he compared some of these parameters (aD laA = 2.82) with their Z r 
counterparts predicted by the soft-sphere model (aD /aA = 2.5)",. The Z r 
,', reported as private communication betwElen Estrup and Seewald in 
, . 
reference 99. 
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empirically determined values of aD and aAr (see table 5.9d) showed 
2 
that the ratio of ~ la was 2.42+0.58. This remarkable agreement 
2 Ar 
with the results of two independent sources lends support to the a-
values obtained in this work. 
2- "Absolute" KT-2 Plots 
Some of the kinetic theory plots - especially those of helium 
moderated systems - exhibited a peculiar behaviour. They showed a 
tendency to curve downward (in KT-l plots) and upward (in KT-2 plots) 
as f approached unity (figures 5.3a.1-5.5.a.2). These curvatures 
reac 
could be best investigated by considering the KT-2 plots where both 
terms (f/a and (~) Pi) are normally expressed in units of <1nod. 
Equations (5.3) and (5.13) show that a-total of a system (con-
si sting of a reactant and moderator) varies with f and as the 
reac 
latter approaches unity the contribution of <1nod to a-total approaches 
zero. Thus, in low moderation samples (where f is high) the value 
reac 
of a-total is not substantially dissimilar to that of a-reac and the 
term (%) Pi is strongly influenced by (~eac/<1nod) ratio. Comparing 
the 
for 
empiricall~ determined ratios (in 
D2 
example, -- "" 2.40 the ratio of 
aAr 
this work) shows that while, 
aD laH is as high as 9.0. 2 e 
Therefore it seems reasonable to attribute the curvatures in helium 
moderated systems to the large difference between a-hydrogen and a-
helium. If this conclusion is correct, then the observed curvatures 
should disappear when the terms of the KT-2 plots (f/a and (%) Pi) are 
expressed in absolute units rather than in terms of a d (~. in 
mo --He 
particular) • 
In order to test the above argument, the values of a-total 
(listed in tables 5.3a-5.5c and expressed in terms of ~od) were re-
calculated using the "absolute" values (table 5.9d) of <1nod and a
reac 
Then t)1e absolute values of i and (~) P. were estimated (see 
a ~ 1 
Appendix V) and plotted. The "absolute" KT-2 plots showed that not 
only the "odd" beha.vj.our of the curvatures disappeared but also in , 
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each system the points obtained in different moderators (He, Ar and Kr) 
fell approximately On the same curve (see figure 5.12a of the combined 
T+H2 and T+D2 systems and figure 5.12b of the T+H2-D2(1,1 mix) system). 
However an interesting exception was observed in the helium moderated 
T+HD system (figure 5.12c) where the curve of DT failed to agree with 
(by falling below) those obtained in systems moderated by argon or 
krypton. This finding indicates that the increase in the HT/DT ratio 
with helium moderation results from a decrease in the absolute DT 
yields rather than an increase in the absolute HT yields (as would be 
expected from the collisional dissociation hypothesis). 
3 - Collisional dissociation of excited products 
Unlike the T+RH systems(61) (where HT only is assumed to dissociate) 
both products of the hydrogen systems (HT and DT) can, when excited, 
suffer dissociation on cOlliding with the surrounding species. Figures 
5.13a and 5.13b show the excitation functions of the hydrogen systems 
(T+H2-D2(1.,1 mix) and T+HD respectively) and dissociation functions of 
both products (HT and DT) in helium and krypton moderators. The 
relationship between the dissociation functions of the products and 
the moderator used show that.-
a) the probability of dissociation of DT is higher than that of HT 
in both systems (T+H2-D2(1:1) and T+HD) and in all the moderators 
studied in this work (He, Ar and Kr). 
b) the probability of dissociation of DT is less influenced by the 
nature of moderator than that of HT. This behaviour is more 
obvious in the T+HD system (figure 5.13b). 
This means that if collisional dissociation (of excited products) 
was the main factor in deciding the HT/DT ratio then it is the fate of 
HT yields which should play the major role and not the fate of DT yields 
as we have seen earlier (section vi-2). 
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4 - Variation of HT/DT ratio with moderation 
According to the kinetic theory, the variation of HT/DT with 
moderation should indicate the relative energy ranges at which the two 
products are formed. In systems of low reactivities (such as T+RH 
system) this could be normally aChieved by ~omparing the energy 
shadowing parameters (K./I. or R. as discussed in section C- iii, C-iv 
1. 1. 1. 
and listed in table 5.18). However the high reactivity of the hydrogen 
system renders these parameters extremely sensitive to the way in which 
the lines are drawn in the KT-2 plots even within the limits of the 
experimental error bars (in figures 5.3(a-b-c).2, 5.4(a-b-c).2 and 
5.5(a-b-c).2). As we have seen (in table 5.18) the energy shadowing 
parameters (K./I. and R.) indicated that HT was formed at slightly 
1. 1. 1. 
higher energies in both systems (T+HD and T+H2-D2(1:1)) regardless of 
which moderator was used. However, on studying the variation of HT/DT 
ratio the following trends were observed:-
a) In the T+HD system; the HT/DT ratio increased slightly as the 
mole fraction of helium moderator increased (or P.total decreased). 
This trend was reversed when the system was moderated by Ar or Kr. 
The HT/DT ratio decreased with moderation and the magnitude (of 
the decrease) was slightly sharper in the Kr-moderated system 
(figure 5.l4a and Appendix VI). 
It is worth noting that the behaviour of HT/DT ratio (in the 
various moderators) in the T+HD system is qualitatively similar 
to the behaviour of HT/RT ratio in the hydrocarbon systems (see 
section v-3). This resemblance was not unexpected since the 
excitation functions of both systems (T+HD (in figure 5.l3a) and 
T+RH (in reference 60)) are roughly similar in the way they over-
lap at the higher end of the energy scale. 
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b) In the T+H2-02 (1:1) system; the variation of HT/OT with 
moderation was more straightforward in the sense that it 
decreased in all moderators (helium included) as the mole 
fraction of moderator increased (figure 5.l4a and Appendix VI). 
Furthermore, the decrease in HT/OT ratio in helium moderated 
systems was slightly sharper than that observed in systems 
moderated by argon or krypton. The ICl-scavenged and Kr-moderated 
system showed excessive and inexplicable decrease in HT/OT ratio 
(see figures 5.4.c.2 and 5.l0.c) with moderation and therefore 
was not included in figure 5.l4a. 
Comparing the results of moderation studies in the two systems 
(T+HD and T+H2-02(1:1 mix)) shows that:-
a) The HT/OT ratio increased in T+HD+He and decreased (rather sharply) 
in T+H2-02(1:1)+He as the mole fraction of helium moderator was 
increased. 
b) The decrease in the ratio (HT/OT) was slightly sharper in krypton 
moderated than in argon moderated T+HD system. On the other hand, 
no difference was observed (in the behaviour of the ratio) between 
Ar-moderated and Kr-moderated T+H2-02(1:1) systems. 
The above observations and in particular the contradictory 
behaviour of HT/OT ratio in helium moderated systems (where it increased 
in T+HD and decreased in T+H -02(1:1» could not be explained by the .2 
dissociation of excited products (HT and OT) for the following reasons:-
i) The dissociation functions of the two products (HT and OT) in both 
systems (T+H2-02(1:1) and T+HD as shown in figures 5.l3a and 
5.l3b respectively) do not differ widely to justify the observed 
contradiction. On the contrary, if collisional dissociation (of 
excited products) was the principal factor in deciding the observed 
behaviour of the ratio (HT/DT) then we should expect its variation 
(decrease or increase with He moderation) to be identical in both 
systems. . . 
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ii) Computer simulation of the two systems (using the dissociation 
functions discussed above) showed that HT/OT ratio decreased in 
both systems (T+HD and T+H2-02(1:1)) when helium was used as 
moderator. The results are shown in figure 5.14b and listed in 
Appendix VI. 
On the other hand, if we consider ~od and its variation with 
energy then it could be argued that:-
a) It was suggested (in section v-I and illustrated in figures 5.lla 
and 5.llb) that UH decreases as the energy of tritium atoms increases e . 
Consequently, the probability of reaction is higher (and the 
energy shadowing effects are more pronounced) at the higher end 
of the logarithmic energy scale where UHe is lowest (see 
figures 5.13a and 5.13b). 
b) It was suggested (in section v-2) that the observed variation in 
P(A)/P(B) ratio (in our case HT/OT) in a moderation series was 
the net result of two opposing factors. 
i) FII which represent the effect of moderation On ·the average 
energy of tritium atoms flux (the energy shadowing effect). 
Clearly the higher the values of f
mod and ~od are, the 
lower is the average energy of tritium atoms upon reaction 
and consequently the sharper is the decrease in HT/OT ratio 
(assuming HT is formed at higher energy than OT). 
ii) F21 which represents the variation in ~od with energy and 
how this might affect the reaction probability and the 
energy shadowing effects (both increase as amod decrease and 
vice versa). Thus, in a helium moderated system the F2 
effects should be most substantial at the higher end of the 
energy scale and decrease as the energy of tritium atoms 
decreases. 
c) The energy dependence of the excitation functions of the two 
products was suggested (in section 'v-3) to play a major role in 
... 
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enhancing or reducing the effects of F2 i.e. F2 is highest when 
the excitation functions are completely separated and lowest 
when they are completely superimposed. 
As a result of the above discussion it could be concluded that 
the behaviour of HT/OT ratio in a moderation series is determined by 
the following:-
a) The relative magnitudes of Fl and F2• 
b) The degree of overlapping of the excitation functions of the two 
products. 
Thus, looking at the experimental results (in figure 5.l4a and 
Appendix VI) in the light of the above conclusions we find ·~hatl-
1) the excitation functions (of HT and OT formations) in the 
T+H2-02(1:1 mix) system are virtually superimposed (figure 5.l3a). 
On the other hand, the functions in the T+HD system are less over-
lapped at the high end of the energy scale (figure 5.l3b) where 
the excitation function of HT formation extends to higher energies 
than those of OT. Consequently F2 should play a more important 
role in the latter system (T+HD) especially if the values of ~od 
variation (with energy) was in accordance with model "A" (in 
figure 5 .!la) • 
2) The moderation results of T+H2-02(1:1) system (which showed that 
HT/OT ratio decreased with moderation in all moderators) indicate 
that Fl (which reflects the efficiency of moderation) is larger 
than F2 in all moderators (He, Ar and Kr) as far as this system 
is concerned. Furthermore, the fact that the decrease in the 
ratio (HT/OT) was sharpest in helium moderator indicate that the 
effective values of Offiod (as far as the variation of HT/OT is 
concerned) follow the order pLedicted by the hard-sphere model 
i.e. ClHe > ClAr > ~r' This is clearly in sharp contrast to 
the order observed in the average yalues'of ~od (determined 
, 
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empirically from the observed total yields in various moderators) 
which showed that (lHe~ (lAr < (lKr (table 5.9d). 
This apparent contradiction could be explained by considering 
the variation of ~od with energy (as postulated in model "A" in 
figure 5.11.a) in conjunction with the theoretical excitation functions 
of the system (figure 5.13a). 
a) At high energies the excitation functions of HT and DT formation 
are virtually superimposed and thus the energy shadowing effects 
are insignificant. On the other hand, the value of (lHe is smaller 
than the values of (lAr and ~r and thus the total product yields 
should be higher in the helium moderated system. 
b) As the energy of tritium atoms decreases the value of (lHe starts 
to increase gradually until at point "X" (in figure 5.11a) it 
becomes identical to (lAr and ~r' In this region the total yields 
are still higher in the He-moderated system but the decrease in 
HT/DT ratio is still sharper in Ar or Kr moderated systems. 
c) Below point "X" (on the energy scale) the value of ~e increases 
more sharply than the values of (lAr and (lKr' In this region the 
values of ~od follow the hard-sphere prediction Le. (lHe> (lAr 
>~r and consequently the decrease in HT/DT ratio with moderation 
becomes sharper and the total yields lower in the helium moderated 
system. 
Naturally, the observed yields in a sample are the results of 
the accumulative effects of the various factors described above. 
3) The moderation results of T+HD system showed that the HT/DT ratio 
increases with increased helium moderation and decreases in the 
other moderators (Ar and Kr). As mentioned earlier, F2 is 
expected to play an important role in this system (see pOint 1) 
and since (lHe is much smaller than (lAr and ~r (at the higher end 
of the energy scale) the energy shadowing effects should be most 
pronounced in-. t;he helium moderateO'system.· The relationship '. 
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between Fl and F2 (in the T+HD system) and their effect on the variation 
of HT/DT ratio could be summed up as follows:-
a) In helium moderator the effect of F2 is larger than that of Fl 
and therefore the ratio increases with increased moderation. 
b) In argon and krypton moderators, the energy shadowing effects 
are still important but the overall results are decided by Fl 
which causes the HT/DT ratio 'to decrease with increased moderation. 
Since the average value of UKr is larger than the average value 
of UAr (table 5.9d) the decrease in the ratio was slightly 
sharper in krypton moderated samples (figure 5.14a). 
5 - Comparison of experimental & calculated 
values of HT/DT ratio 
Comparison of experimental and calculated yields (both total and 
individual) showed that (within the combined experimental and statis-
tical errors) they were in reasonably good agreement (figures 5.7a-5.10c 
and Appendix VI). The numerical calculation of product yields were 
based on the following assumptions:-
1) The values of U parameters were energy independent. Furthermore, 
these values were determined empirically, i.e. based on the 
experimental values. 
2) The collisional dissociation of excited products (HT and DT) play 
a certain role in determining the observed HT/DT ratios in a 
moderation series. 
In order to investigate the validity of these assumptions, the 
(numerically) calculated values of HT/DT ratios were plotted along with 
their experimental counterparts in both systems (T+HD and T+H2-D2(1:1») 
and in the three moderators (He, Ar and Kr) as shown in figure 5.14b. 
The curves in the figure show the following trends:-
a) In the helium moderated T+HD system, a qualitative difference was 
observed between the experimental results and numerical calculations. 
The HT/DT ratio increased in the former and decreased in the 
FIG. 5.14.b 
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latter as the mole fraction of moderator increased (figure 5.l4b). 
This difference clearly indicates that the numerical calculations 
failed to accurately reflect the behaviour of the ratio inspite of 
the fact that collisional dissociation functions were included in 
the computer simulation program (Appendix Ill). 
b) The difference between experimental results and numerical calcu-
lations was most pronounced in the helium moderated systems (both 
T+HD and T+H2-02(l:l)). This is probably due to the variations of 
rr /rr (with tritium atoms energy) which are largest in ~Teac -mod 
helium and were not considered in the computer simulations. 
c) The calculated values of HT/OT ratios seem to agree with their 
experimental counterparts in low moderation samples and increasingly 
disagree as the moderator mole fraction increases (figure 5.14b). 
This is another indication that the disagreement results from 
the moderator and not the reactant parameters (see section vi-I). 
d) In order to investigate the role of collisional dissociation (of 
excited products on the HT/OT ratios) computer simulations were 
performed but the collisional dissociation functions were excluded 
from the computer program (tables 5.15a-5.17c). The HT/OT ratios 
were calculated as a function of the total hot yields (last two 
columns in Appendix VI) and the results plotted along those 
obtained from the original simulations i.e. collisional dissociation 
functions included. The graphs (in figure 5.14c) showed that 
maximum difference (between the results of the two simulations) 
occurred in low moderation samples. However as the moderator 
mole fraction increased, the difference between the two sets of 
results decreased and virtually disappeared in the highly moderated 
samples. This observation could indicate that collisional 
dissociation of excited products might play a role in determining 
the HT/OT ratio in samples containing pure reactant (or low 
moderated), wAe.re the energies of -'!lot trit-ium atoms - upon 
I 
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reaction - are still relatively high. As the mole fraction of 
moderator is increased, the mean energy of tritium atoms flux 
is decreased and so does the probability of excited-product 
formation (see section iv-1). 
vii) Conclusion and recommendation 
As a result of the previous discussion it could be concluded that:-
1) Inspite of the high reactivity of the hydrogen systems kinetic 
theory analyses were still possible and quite useful in predicting 
the relative energy ranges of the various products. 
2) Deviations from the kinetic theory in the hydrogen systems were 
analogous to those encountered in the hydrocarbon systems. These 
deviations arise from the energy dependence of a-mod which seems 
to be most substantial in helium moderator. Furthermore, the 
magnitude of deviation seems to be strongly influenced by the 
relationship between the excitation functions of the various 
products i.e. the degree of overlapping which in turn influences 
the energy shadowing effects. The latter seems to be most 
influential in determining the behaviour of HT/DT ratio in the 
T+HD system especially in moderators having low a d values in 
mo 
the region of interest. 
3) Co11isiona1 dissociation of excited products seems to play a 
role in determining the HT/DT ratio but only in low moderation 
samples where the probability of excited-product formation 
would be relatively high. 
4) Theoretical calculation of the excitation functions by means of 
a simple hard-sphere energy transfer model has been very 
encouraging. Furthermore, computer simu1ations of hot atom 
reactions produced good results. However, better results could 
be obtained if the energy dependence ,of ~od is included in the 
simulation. 
" 
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5) It is clear that more attention should be paid to the energy 
dependence of a d' mo 
No. 
APPENDIX I 
Determination of total error & proporti.onal 
counter effici.ency 
Sample He-3 H2 Volume 
FLUX MONITOR BULBS WITH + 10% ERROR 
1 107 2.83 91.44 12.6 
2 1116 2.67 104.37 13.47 
3 3302 2.67 104.37 13.1,7 
I, 507 2.73 109.4 12.82 
5 60i, 2.62 112.71 12.46 
6 611 2.69 102.67 13.81, 
7 4407 2.96 109.05 13.8 
8 44i,l, 2.67 104.37 13,1,7 
9 714 2.85 101. i, 13.31, 
10 719.9 3.321, 111. 46 12.48 
11 107 3.11 101.94 12.58 
12 U5.5 3.234 111.464 12.48 
13 119.5 3.165 113.474 12.49 
14 125.5 3.307 101.18 12.65 
15 132 3.362 99.385 11.31 
16 136.5 3.165 113.471, 12,1,93 
17 207 4.36 103.99 12.27 
18 211 3.72 101.84 13.23 
19 307 2.99 103.15 13.66 
20 314 3.13 99.9 14.15 
21 807 3.i,1 95.98 11.71, 
22 349 3.16 106.87 13.05 
23 907 3.3 94.558 13.339 
24 107 3.271 153.78 12.15 
25 114 3.1.28 115.556 13.42 
26 113.5 5.06 95.69 13.00 
27 1107 5.02 96.35 12.67 
28 507 3.344 121. 51 11. 67 
29 514 3.234 111.469 12.48 
30 5507 2.92 90.947 13.11 
31 5514 3.073 81. 568 13.583 
32 607 3.153 89.529 li,.OO 
~X1015 PIIT 
1.02 0.934 
0.628 0.9334 
0.628 0.9334 
1.15 1.102 
1.1.2 1. 0538 
1.07 1.097 
1..08 0.9804 
0.628 0.9334 
1. .1.6 0.8986 
1.03 0.9607 
0.97 0.9922 
1.03 0.9875 
0.927 0.9967 
1.1 1.0388 
1.08 1.077 
0.927 0.9964 
1.0 1.0810 
1.07 1.076 
0.93 1.095 
0.93 .1. 035 
0.928 1.067 
1.21 0.9384 
1.424 0.8994 
0.909 1.028 
0.937 1.105 
0.88 1.035 
0.894 1.0509 
1. 01, 0.9527 
1. 03 0.9875 
1.1,t,4 0.8945 
1,1,1,3 0.948 
1. 52LJ 0.8909 
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No. Sample He-3 112 Volume iXl015 PIIT 
33 614 4.743 92.825 12.406 1.472 0.9234 
34 907 3.787 100.476 12.884 1.1,88 1.1103 
35 1007 2.929 91.74 13.778 1. 491, 0.90988 
36 104.5 4.99 95.99 12.94 0.918 0.965 
37 107 5.0 102.1,5 12.65 0.916 1.016 
38 107 5.21 98.17 1.3 • 69 0.85 0.89610 
39 110.5 4.99 95.99 12.94 0.918 0.965 
40 107 5.08 98.57 12.(16 0.974 1.035 
41 110.5 5.06 95.69 13.00 O.RS 1.035 
FLUX MON[TOR BULBS lUTH + 15% EHHOR 
-
1 207 2.77 85.07 12.24 0.96 0.8538 
2 511, 2.8 108.1 13.37 0.986 1.173 
3 5506 2.96 111.8 12.91 1.04 0.8639 
I, 716.5 2.98 120.83 1.3.8 1. 0(1 0.81,56 
5 718.5 3.125 101. 227 13.88 0.931 1.166 
6 729 3.57 102.306 12.17 1. tl/,7 0.8347 
7 414 3.125 101.227 13.88 0.931 1.156 
8 708 2.815 99.294 12.833 1.458 0.859 
9 807 2.592 81. 295 12.474 1. 1,38 1.1510 
10 107 3.27 99.69 12.56 0.959 1.159 
11 107 3.06 101.69 13.01 0.994 1.151 
FLUX MONITOR BULBS l41TH + 20% ERROR 
-
1 1113 2.78 102.34 13.4 1..1 0.807 
2 707 3.18 103.42 12.97 1. lA 0.7706 
3 323.5 3.26 . 110.75 18.88 0.98 1. 209 
4 329.5 3.04 102.04 14.12 1.08 1.206 
5 1,07 3.099 135.26 13.26 0.928 1. 216 
6 104 3.03 90.67 13.14 0.922 1. 209 
7 104 3.514 97.03 12.74 0.954 1. 207 
FLUX ~lONITOR BULBS WITH ::"+20% ERHOR 
1 lIlt, 2.61, 105.09 13.50 1.05 0.733 
2 914 3.08 89.01 1.3.08 1,1,9 0.735 
3 503.5 3.41 95.39 11.93 0.678 1.31,0 
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APPENDIX IT 
Computer Program of the Hard-Sphere Nodel 
LOUGHBOROUGH UNIVERSITY CONPUTER CENTRE GEORGE 2L NK4F STREAN B 
HUN ON 23.07.80 AT 22.42 
JOB CHD,CMRIJ, YZZ2 i l72 
JOBCORE 50K 
VOLut-IE 2000 
CHEATE YTEMP 
EDIT Sr.MR/YZBA1I2, YTEMP 
FOHTRAN n PDS 
DOI-IN 22 
RUN" 1500 
........ :-: ... ': 
COMMANDS EDITING SCMR/YZBAH2 TO YTEMP ON 23.07.80 EJAP/2B PAGE 1 
LISTING EDITING SCNR/YZBAH2 TO YTEMP ON 23.07.80 FJAP/2B PAGE 1 
25.0 REAL MMOL,MTOTAL,MCNNOL 
I 25.5 REAL VIREL(3),V2REL(3),V3REL(3),M1N3.M2M3,MlM2 
I 
I 
I 
I 
I 
I 
I 
26.0 REAL ERAT(30) 
50.0 
50.2 
50.il 
50.6 
50.8 
51.0 
57.0 
57.2 
57.4 
57.6 
58.0 
READ( 5, 20) BEN12, BEN23 J BEN13 
T = Al 
IF(T.LT.A2) T=A2 
BNAX=T+AY'0.5 
DFLB =( BMAX-BMIN) / FLOAT( NBEND) 
BEl2=BEN12"'0. 9 576 
MCMOL=0.5,"NCMMOL 
M1M2=Nl+M2 
MlM3=Ml+M3 
M2N3=M2+N3 
AMKl3=(Ml-M3 )/(Ml-HI3) 
-AL,-
325.0 VS1=Vlll( l)"'lC13CU( 1)+Vlll( 2)'·'LC1.3CU( 2)+Vlll( 3 )"'LC13CU( 3) 
D 326.0 
H 326.0 VHHi3=O. 
327.0 I F( VRlIl3. LE .0.0001 )(;01'010005 
371.0 E12R1=Fl2Rl+VIBE 
D 372.0 . 
H 372.0 11'( EACT. LT. O. 5+AEl )GOTO HiOl 
373.0 E121U=E121U ':'EFACl 
378.0 CIU2=CE12 .U'. O. 
0 379.0 
II 378.5 CH13=CEI3. LE. O. 
H 379.0 CE12=CE12 
l{ 379.5 CEI3=CE13-:'( Ml ,"M3 IN2) 
380.0 1500 IF(CR12.AND.CR13)GOTOI602 
383.0 CTOT=CE12+CE13 
D 384.0 
l{ 384.0 PRACI3=CEI3/CTOT 
385.0 PRACEI.=l. -PRAC13 
483.0 IF(IHIT2.LT.0)GOT02s00 
D 48L •• 0 
j{ L,8! •• O 11'( EACT .1.1' • O. 5~'AEl)GOTO 1601 
L.8s.0 E13R2+E13RFEFAC1 
L.91.0 CR13- CE13.LI::.O. 
D 492.0 
II L.91.s CE12=CE12 
R 492.0 CE 13=CE13 "'C M1':'M3 1M2 ) 
H L,9 2.5 GO TO 1500 
L,93.0 2500 CONTINUE 
D 49L •• 0 
1-195.0 
501.0 
D 502.0 
50].5 
502.0 
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11'( EACT. LT.O. 5,"AE2 )GOTO 1601 
E 23H2=E23R2,"E FEC2 
CH23=CE23. LLD. 
CEI2=CEI2 
CE23=CE 23"'( M2,"M3 /M1) 
LISTING EDITING SCMH/YZBAH2 TO YTEMP ON 23.07.80 EJAP/21l PAGE 2 
H 
D 
D 
H 
I) 
H 
H 
H 
502.5 GOTO 4500 
503.0 3000 CONTINUE 
599.0 3225 
600.0 
601.0 
603.0 
604.0 
611,.0 
615.0 
615.0 
616.0 
622.0 
(,2J. [) 
622.5 
623.0 
623.5 
624.0 3500 
625.0 
626.0 
V332(J) = V3J1(J) - MlOVM3"'V130(J) 
DO 3226 J = 1,3 
VZE = V332(l )1<o·'2-V.332( 2 )1'1'2+ V332( 3 ),:""2 
E12R3=HFNlJl2"'( V12HEL( 1 Y*2+V12HEL( 2 )1<o"2+V12HEL( 3 )"":'2) 
H( IHITl. LT.O )GOT03500 
IF( EACT. LT .0. 5,"AE2)GOTO 1601 
E23 R3 -E23 R3,"EFAC 2 
CR12=CE12. LE .0. 
CE12=CE12 
C E23=CE23,"( M2,"113 /111) 
GOTOl, 500 
CONTINUE 
I F( EACT • LT. O. 5':'AEl) GOTO 1601 
El3 R3=E13R3"'E FAC1 
632.0 
Il 633.0 
1\ 
I{ 
1\ 
632.5 
6.33.0 
633.5 
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CR12=CEI2. LE .0. 
C£12=C£12 
CE13=CE13"'( M1 ,"M] /~12) 
GOTO 1500 
6311.0 LIOOO CONTINUE 
662.0 
D 663.0 
R 663.0 
6M.0 
699.0 
Il 700.0 
700.0 
701.0 
706.0 
D 707.0 
R 
1\ 
1\ 
706.5 
707.0 
-707.5 
VS2=V241(1)"'I£23C II( 1. )"'V241( 2 »'cLC23C II( 2)+V2LI1(.3 )-"I.G23ClJ( 3) 
VR2H.3=0 
IF(VR2H.3.1E .0.0001)c,oTO 11005 
E12R4=E12R4+VI BE 
IF(EACT .LT .0. 5"'AE2)GOTO 1601 
E2.3R4=E23R4"'EFAC2 
CR23=CE23.LE.0. 
CH12=CE12. LE .0. 
CE12=CE12 
CE23=CE23"'(M2"'M3 /M1) 
/ 
/ 
708.0 4500 IF(CR12.AND.CR23)GOTO 1602 
711..0 
D 712.0 
R 
D 
R 
712.0 
713.0 
721.0 
722.0 
722.0 
723.0 
CTOT=CEl2+CE23 
PRAC23=CE23/CTOT 
PRACEL=1. -PRAC23 
XELR( THEG .NTHETA)=XELR( TREG. NTliETAY-IlDIIDEP( NB) ,"PRAC EL 
IF( VHFT .GT. VZERO)WRITE( 6.9201 )VBFT _ lltEG. VZERO 
I = INT( 30. "~CC VBFT /VZEI{0-)"""2) 
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I.ISTING EDITING SC~II\/YZllA1I2 TO YTENP UN 23.07.S0 E'/:\T'/211 PAGE 3 
739.0 9200 FORNAT(' VZE= • ,El1. L,) 
D 7L,O.0 
R 740.0 9201 FORMAT(' VIlFT= ',El1.4,I6,E11.4) 
7L,1.0 7996 CONTINUE 
8L,9.0 602 FORMAT (/1' AVERAGE E OF ATOM 1 AFTER DISS =' 
1 ,FlO.L,,' EV') 
D 850.0 
II 
D 855.0 
856.0 RETUkN 
INDEX EDITING SCMR/YZ llAH2 TO YTEMP ON 23.07.80 EJAP /2ll PAGE 1 
SEIUAL 
NO. 0 10 20 30 "0 50 
0 10.0 20,0 29.0 39.0 L,9,0 
lOO n.o 1.02.0 112.0 122.0 132.0 lL,2.0 
200 192.0 202.0 212.0 222.0 232.0 2L,2.0 
300 292.0 302.0 312.0 322.0 332.0 3L,2.0 
"00 390.0 L,OO.O L,10.0 L,20.0 "30.0 
""0. ° 
500 "90.0 L,9 R. 0 506.0 516.0 526.0 536.0 
600 586.0 596.0 606.0 616.0 62".0 633.0 
700 682.0 692.0 702.0 710.0 720.0 730.0 
800 780.0 790.0 800.0 810.0 820.0 830.0 
FORTRAN COMPILA nON BY #XFAT MK 6B DATE 23.07.80 
0001 
0002 
0003 
OOOL, 
0005 
0006 ,. 
0007 
0008 
0009 
0010 
OOll 
0012 
SEND TO (ED,SEMICONPUSER,AXXX) 
DITNP ON (ED,PROGRAN USER) 
HORK (ED ,IWRKFI LEUSER) 
RUN 
PHOGRAM( BA1I2) 
COMPRESS INTEGER AND LOGICAL 
CONPACT 
DIPUT 5=CRO 
OUTPUT 6= LPO 
TRACE 0 
END 
60 70 80 
55.0 62.0 72.0 
152.0 162.0 172.0 
252.0 262.0 272.0 
352.0 362.0 372.0 
"50.0 L,60.0 L,70.0 
5L,6.0 ~56.0 566.0 
6102.0 f)52.0 662.0 
7"0.0 750.0 760.0 
840.0 1l')6.0 
TINE 22/"L,/06 
90 
82.0 
182.0 
282.0 
380.0 
480.0 
\ 
576.0 
672.0 
770.0 
0013 
OOli, C 
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MASTEH BAIIP 
THIS rs BAIIP MK lC 
UPDATED 17 JUNE 1971 
D.J .MALCOll1E-LAIVES STEHI.ING CIIENTSTRY DE 
0015 C 
0016 C 
0017 C 
0018 C 
0019 C 
0020 C 
0021 C 
YALE UNIVERSITY, NE" HAVEN, CT 06520 
0022 HEAl. Nl,N2,M3 
0023 LOGICAL CR12, CR13 ,CR23 ,CHAD ,CHillS 
00211 COMNON/ZZ /Nl, M2 ,M3 ,AI, A2, A3, BEN12, BEN23 , BEND ,ECM ,AEll,AE2l 
0025 1 END, THEMIN, DELTHE ,NTHENO ,EPSMTN ,DELEPS, NI,PSND, BMTN ,liELB ,NBEND 
0026 2 TXDISS,TX32Xl,TX31X2,TXELAs,vrBE 
0027 COMMON/ZX/XDISH( ll, 50), XELH( 1',50), X31RR( 4,50), X32RR( ll, 50), ALFA 
0028 1 , VA 
0029 COMl-ION/XV /VTl( 3), VT2( 3), VT3( 3) ,ECTl(lO), ECT2( 10), VEZ(lO) 
0030 COMJ-ION/CZ!TIIE( 101), SINTH( 101), XDrSS( 101), X31X2( 101), X32Xl( 101) 
0031 1 XE LAS(101) ,PO NEe 3), PTWO( 3), 1'2C( 3), PI JiC(3), VECTOR( 3).J VHO 
0032 2 (3), V311( 3), V2l0U( 3), V210(.3), VllOU( 3), Vl20iJ( 3 )V120(3)~ V32l( 3), Vc 
0033 3 lLJ( 3), V322(3), V220(3), V220U(3), V230U(3), V230( 3), V331(3), V331U(3: 
0034 4 130U(3), V130(3), V332(3), V2lI0U( 3), V240(3), V341(3), VllIOU( 3), Vll,O( c 
0035 5V2l11( 3), VlllO), V12REL(3), BIMPCT(101), BDTlDEP(lOl), EP(lOl) 
0036 6 SINEP(101),COSEP(lOl),POFCON(3),SIMPIVT(101) 
0037 REAL MMOL,MTOTAL,MCMMOL 
0038 REAL VIllEL( 3) I V2REL( 3), V3REL( 3 ).IMHt3 ,M2M3) MIM2 
0039 REAl. ERAT(30 
OOLIO REAL LC12CU(3) 
OOlll REAL INTERl,INTER2 ,MUl2,MUl3 ,~\lJ23 ,NAGSQ ,MAGTNV ,LCl2U( 3) 
00l,2 1 MIOVM3, M20VNl"N20VM3, NEGINF ,HlOVN2, LC13C( J ~LC1.3CU( 3) J LC 23C( 3)) 
00l,3 1 LC23CU(3) 
00l,4 ROOTHO=SQRT( 2) 
0045 HEA\l( 5, 20) ECON1) ECON2 
00l,6 IF( EeONl. LT.O) STOP 
00117 [{EAD( 5, 20)VIBE 
0048 HEAD( 5,20 )FVI 
00119 READ( 5, 2I)THEMIN ,0ELTliE ,NTIIEND 
0050 SHIPI'T( 1)=1 
0051 SHIPQT( NTIIEND)=l. 
0052 NEND=NTHENO-1 
0053 
0054 600 
DO 600 J=2,NEND,2 
S IMPHT(.T )=4 • 
005:' 
0056 
0057 601 
0058 
0059 11 
OOGO 
0061 
00('2 
00(,) 
nOM 
0065 
0066 
00(,7 
0068 
001i') 
0070 
0071 
0072 
0073 
0071, 
0075 
0076 
0077 
0078 
0079 
0080 
008l. 
0082 
0083 
0085 
0086 
0087 
0088 
0089 
on~o 
0091 
0092 21 
0093 20 
0094 
0095 
0096 
-A9-
NENIl=NTHEND-2 
DO 601 J = 3, BEND, 2 
SHlI'I-rr(J )=2. 
READ( 5, 2l)EPSMIN ,DEIEPS ,NEPSND 
READ( 5, 21 )BMIN ,DELE, NBEND 
IF(NBEND.EQ.O)r.OTO 9999 
READ(5,20)Al,A2,A3 
READ(5,20)Ml,M2,M3 
READ( 5,20) 8EN12, BEN23, BENl3 
T=Al 
LF(T.LT.A2)T=A2 
BMAX=T+A3'·'0.S 
DE LIl=( BMAX -IlMIN) / F LOAT( NIlEND) 
BE12=BEN12'·'0. 9 576 
8E23= llEN23'·'0. 9 57 6 
BE13~ IlEN13'·'O. 9 57 6 
MTnTAL=~n+M2+M3 
NMOL=Ml+M2 
MCMNnL=M3"'NMOL/MTOTAL 
MCMOL=0.5l1'MCMMOL 
MIM2=Ml·t-M2 
MIM3=Ml+M3 
N2N3=M2+M3 
AMK13=(Nl-N3) /(Ml+M3) 
AMK23=(M2-M~(M2+M3 ) 
AMK21=(M2-Ml )/(M2+Ml) 
AMK12= -AMK21 
AMl'13= -(MJ/Nl)'·'(1.+AMKl3) 
ANP23= -(~t3/M2)+(1.+~tK23) 
MtP21= -(m/N2)':{ 1.+AMK21) 
ANP12= -(N2/Nl )"'C 1.+ANK12) 
nEAD(5,21)AEll,DElAE,NAENIJ 
READ( S,21)AE21, DELAE ,NAENIJ 
AE llN=AEll /1. 0/,43 
AE2IN=AE2I/l.0443 
DEI.AE=DEIAE/l.Ol,I,3 
HEAD( 5,21) EJNl.N,DELE3,NEJEND 
FORMAT(2FO.0,IO) 
FOHNAT(3FO .0) 
1'NI3 = E3HIN 
DO 500 NB = 1.NBEND 
BIMPCT(NB) = BMIN + FLOAT(NB)+DELB 
0097 500 
0098 
0099 
0100 
0101 
0102 
0103 501 
010L, C 
Ol05 
0106 
0107 
Ol08 
0109 
0110 
Olll 
0112 
On,3 
01.14 
0115 
0116 
0117 
0118 
0119 
0120 
0121 
0122 
0123 
012L, 
0125 
0126 
Ol27 
0128 
0129 
0130 
0131 
0132 
0133 
0134 
01.35 
01.36 
0137 
0138 
-A10-
BDIIEP( NB) = IIUIPCT( Nil ) ,"DELB': DEl.EPS 
DO 501 NEPS = l,NEPSND 
EP( NE PS ) = EI'SN f.N + FLOAT( NEPS YDELEPS 
EPSLON = EP(NEPS) 
SlNEP(NEI'S) = SIN(EPSLON) 
~ 
CO SEP(NEPS) = COS(EPSLON) 
CONTINUE 
SINCE RESULT IS INDEPENDENT OF PIU, TAKE PIH=O. 
COSPIIT = 1. 
SHIPIII = O. 
A3SQ = A3',""2 
AlSQTN = 1./(Al**2) 
A2SQIN = 1./(A2**2) 
AIBALF = 0.5'·'Al 
A2HA 1.1' = O. 5":A2 
A311A LF = O. 5,"A3 
AIHFSQ = AUIALF,'''''2 
A211FSQ = A2HA LF"""2 
A311FSQ = A3I1ALF','d:2 
FAIA3 = AIHFSQ - (A1HALF ... A3HALF)",,"2 
FA2A3 = A2HFSQ - (A2HALF ... A3HAI.F)"'~:2 
Z13P13 = 4. ,', FAIA3 
Z23P13 = 4. ,"PA2A3 
AIA3SQ = (AUIALF + 
A2A3SQ = (A2HALF + 
HOOTIVO = sQlrr( 2) 
TEST} = Al/HOOTI~O 
TEST2 = A2/HOOTWO 
TESTlSQ = TESTl ,·,,"2 
TST2SQ = TEST2:-"~'2 
NEGINF' = -]. E20 
A31IALF)"""2 
A3HALF)"""2 
NUl2 = Ml">M2/(Nl+M2) 
NU13 = Ml"'NJ/(Ml+M3) 
~1IJ23 = M2">M3/(M2H13) 
HTN3Nl = SQHT(M3/Ml) 
HTN3M2 = SQHT(Ml/M2) 
HTMlM2 = SQRT( N2 /Nl) 
RTI12Nl = SQHT(M2/Ml) 
Furl = «~13-M1)/(N3+Ml»)'''',''2 
1'13 1'2 = L,. "'MUl3 / (MI HIJ) 
11121'1 = (Ml"""2 + M2"""2)/(Hl+N2)"""2 
H12P2 = 2.','·1H~>M2/(Ml+M2)','''·'2 
0139 
0140 
0141 
0142 
0143 
0144 
0145 
0146 
0147 
0148 
0149 
0150 
0151 
0152 
0153 
0154 
0155 
0156 
0157 
0158 
0159 
0160 
0161 
0162 
0163 
0164 
0165 
0166 
0167 
0168 
0169 
0170 
0171 
0172 10 
0173 
0174 
0175 
0176 
0177 
0178 
0179 
0180 
06 
106 
. 0181 
HlOVM3 ~ H1/M3 
M20VM1 = M2LM1 
M20VM3 " M2!M3 
MlOVM2 = M1/M2 
HFM1 = ,5,'<Ml 
HFM2 = ,5"'M2 
HFM3 = ,5''M3 
HAM13 = HFMl+HFM3 
-All-
F23Pl = «M3-M2)/(M3+M2)),'d'2 
F23P2 = 4 •• <MU23/(M2+M3) 
HFMUl2 = .5,'<MUl2 
HFMU23 = .5"<MU23 
HFMUl3 = .5"<MUl3 
A1HA3H = AlHALF+A3HALF 
A2HA3H = A2HALF + A3HALF . 
B1NTPl = -4;"A3SQ"'A2A3SQ 
B1NTP2 = -4. "'A3SQ"'AIA3SQ 
DO 9000 NAE = 1,NAEND 
AEl =AElIN + FLOAT(NAE)"'DELAE 
AE2=AE21N+ FLOAT(NAE)~'DELAE 
DELE1=BE13-BE12 
DELE2=BE23-BE12 
IF( AEl. LT.O. )AE1=0. 
IF(AE2, LT.O. )AE2=O, 
BT1l3=BEl3 -FVl "'( AE1 +DELEl) 
BT223= BE23 - FV1 "« AE2+ DELE2) 
BT212=BE12-FVl "'AE2-V1BE~'. 9 576 
BT1l2=BE12-FVl,"AEl-V1BE"'.9576 
EX01=FVl "'(AEl+DELE1) 
EX02=FVl.'( AE2+DELE2) 
NVEND = NE3END 
DO 9001 NV = 1,NVEND 
DO 10 I = 1,30 
ERAT(I)=O. 
DO 06 J=1,101 
XD1SS(J) = o. 
X31X2(J) =0. 
X32Xl(J) =0" 
XELAS(J) = O. 
CONTINUE 
DO 106 1=1,10 
VE2( 1)=0. 
DO 9 1=1,10 
, 
0182 
0183 9 
01BI, 
0185 
0186 
0187 
01BB 
OlB~ 
0190 7 
0191 8 
0192 
0193 
0191, 
0195 
0196 
0197 
019B 
0199 
0200 
0201 
0202 
0203 
0204 
0205 
0206 
0207 
020B 1 
0209 
0210 
0211 
0212 
0213 
0214 
0215 C 
0216 
0217 
021B 
0219 
0220 C 
0221 
0222 
0223 
ECT1 Cl )=0. 
ECT2(1)=0. 
DO B 1=1,4 
DO 07 NO] = 1,50 
XELR(T,NOJ)=O. 
XDI SRn, NOJ )=0. 
X31HR( I I NOJ )=0. 
X32RR(I,NOJ)=0. 
CONTINUE 
CONTINUE 
EN13 - EN13 ,"DELE3 
E3=EN13'·'0. 9 57 6 
ECN=E3"'NcMNOL/M3 
-AI2-
VZ EHO=HOOnlO"'SQH T( £3/1'13) 
VBFT=VZEHO 
VA=O. 
VIA=O. 
EFACl = (ECN-AEl)/ECM 
EFAc2=(ECM-AE2)/ECM 
RTN3 2V=R 'lM3M2,',VZ EHO 
RTM31V = RTM3Ml'''VZERO 
DO 1 J = 1,101 
XDISS(j) =0. 
X31.X2( J )=0. 
X32Xl(J)=0. 
XELAS(J )=0. 
CONTINUE 
DO BOOO NTHETA = 1, NTHEND 
THETA=THEMIN + FLOAT( NTHETA)"'DELTHE 
THE( NTIIETA)=THETA 
COSTIIE= COS( THETA) 
SINTHE=SIN(THETA) 
SINTH(NTHETA)=SINTHE 
CALCULATE Z CONPONENTS OF PONE AND PnlO 
AICOSH=A 1 HALF,"COSTHE 
A2COSH=A2HALF"O)STHE 
PONE(3)=AICOSH 
PTWO( 3 )=-A2COSI! 
CALCIIlATE ONE OF THE PRODUCTS NEEDED FOR PONE AND 1'11~O 
AlSINII=A1I1A LF",S INTHE 
A2S1NHooA2HALF",S [NTIlE 
AICOS=Al ,"COSTHE 
0221, 
0225 
0226 
0227 
0228 
0229 
0230 
0231 
0232 
0233 C 
0231, 
0235 90 
0236 
0237 
0238 
0239 91 
02/,0 
02/,1 
021,2 
02/.3 
0244 
0245 
021,6 
021,7 
021,8 
0249 
0250 
0251 
0252 
0253 
0251, 
0255 
025(, 100 
0257 
0258 
0259 . 
0260 
0261 101 
0262 
0263 
0264 
0265 1.02 
-AlJ-
A2COS=A2"COSTHE 
Z 13 P 11.=A 1COS ,"-:'2 -Z 12P 13 
Z 23 PT 1 =A2COS """2 -Z 23 r [3 
.. 
A1STN=A iSINTHE 
A2S1 N=A2,"S1NTHE 
PONE( 1 )-COSPIH ,"AlS 1Nl! 
PONE( 2)=SJ NPI!FAlSINH 
rTWO( 1 )=-COSPHI"'A2SINII 
PTWO( 2 )=-STNl'lW:'A2S1 Nil 
FIND A I[NIT VECTOR IN THE BOND IlIllECTION 
DO 90 .J = 1,3 
VECTOR(.J) = PTWO(J) - PONE(J) 
MAr.SQ = Vr.r.TOR(l)'·"·'2 ... VECTOR(2),'''''2 ... VECTflH(3)"""2 
MAGLNV = l!SQHT(MAGSQ) 
DO 91. .1=1,3 
Lr.l21J( .I)=VECTOH( J ) ,"MAGINV 
DO 7998 NEPS.= l)NEPSND 
COSEPS = COSEPS(NEPS) 
SINEPS = SINEP(NEPS) 
COSIJI F = COSEPS,':(;OSPHT ... S LNEPS,"SINPfII 
Z13P12 = A1SIW'COSDI F 
Z23P12 = A2SIW'COSDIF 
DO 7997 NB = l)NBEND 
BSSCON=BDBDEP( NB)"'SINTH( NTHETA )"'SIMl'IIT( NTlU,:TA) 
EZE-O. 
B = BIMPCT(NB) 
BSQ= B,',,"2 
P3C( 1) = B",COS El'S 
P3C( 2) = B"SINEPS 
RZ13P = Z13PIHI,. "'( B'··213PI2-BSQ) 
RZ23P = Z23Pll-4.'·'(B'·'Z23PJ2+BSQ) 
IF(RZ13P)102.101.100 
ROOTHF = .5'·'SQRT( RZ13P) 
RTlZ13 = A1.COSII ... ROOTllF 
HT2Z13 = AICOSIHWOTHF 
ICOLl=l 
GO TO 103 
RTlZ13 = A1COSH 
RT2Z13 = NEGINF 
1C01.1 - 1. 
GO TO 103 
1COLl=0 
02(,(; C TCOl.1 IS A MAHKER TO INDICATE IF COLLISION OCCIIRS IHTlI PARTICLE 1 
0267 103 TF(HZ23P) 112, ll1.,110 
0268 110 ROOTlIF = .5+SQln(R223P) 
0269 R1'1Z23 = -A2COSHHWOTIIF 
0270 HT2223 = -A2COSII - HOOTHI' 
0271 lCOl.2 = 4 
0273 GO TO 113 
0273 III R1'1223 = -A2COSH 
0274 HT2Z23 = NEGlNF 
027 5 "(COL2 = L, 
027(, GO TO 11.3 
0277 112 1COl.2 = 2 
0278 C SU~l OF rCOLS GIVES FOLlJ)IHNG INFO. NO COLLISION IHTH 1 OR 2,SU 
027~) Cl:> NOT2,SIJM=3. NOTl IlUT2,SlIN=L,. !lOTH 1 AND 2,SIlN = 5 
0280 113 ISlIM=ICOL1 +1C01.2 
0281. IE=10 
0282 PRACDS=O. 
0283 PRACEL=O. 
0284 PRAC12=0. 
0285 PRAC23=0. 
0286 
0287 121 
0288 120 
0289 122 
0290 123 
0291 C 
0292 
GO 1'0(121,122,123, l2t" 125), ISI.JM 
WRlTE( 2,120) 
FORMAT(UIO, 18HSTOP ,ERROIl IN ISUM) 
GO TO 7996 
213P = AMAXl( RTlZ13 , RT22 13) 
COLLISLON IN REGION I OR Il 
GO TO 1000 
0293 12L, 223P = AHAXl(RTl223,RT2Z23) 
0294 C COLLISION IN REGION In OR IV 
0295 GO TO 3000 
0296 125 2131' = ANAX1(RTIZ13,RT2Z13) 
0297 
0298 . C 
0299 
0300 1000 
0301. . 
0302 C 
0303 C 
030L, 
0305 1101 
0306 
0307 
2231' = ANAX1(RTl223,RT2Z23) 
IF COl.I.TSION IS SIMULTANEOUS. SKLP 
IF(Z13[,-2 23P)3000, 9776,1000 
CONTlNIIE 
P3C(3) = Z13P 
NOW MUST FIND IF COl.LISION IN 1 Ol{ [J.FINIl DfSTANCE OF CONTACT PO 
OIlICIN 
DO 1101 J = 1,3 
LCnCO) = P3C(.T) - FONE(.n 
BTliGSQ = I.I;13C( 1)'·"·'2 + LC13C( 2),·<'"'2 
MACSQ = BTMr.SQ + LCl3Ce 3 Y·"2 
-A15-
030R ~IAGrNV = l./SQHT(MAGSQ) 
OJn'j 1)(1 110~ .I = 1,3 
0310 1102 I.C13CIJ(J) = l£:UC(.IYMACINV 
0311 EAC'1'= 1I0to L';'( Vi: I·:IW·;'I.C DCII( J) )';";'2 
OJl2 DO 1103 J = 1,3 
0313 n03 POFCON(.I) = PONE(.J) + AII1ALF·;QC"I3CIl(.T) 
0311, RC1SQ = POFCON(1)"";'2 + P(Hl~ON(2)"""2 ... l'OFCON(3),"';'2 
0315 IIT31SQ = WrMr.SQ/AIA3SQ 
OJ1.6 IF(BGlSf)-TSnSf) 2000,7'J9(',·I001. 
0317 100l CONT[NIIE 
031R C COLLISION OCCIJHS IN HEr.TON I 
D31') C FIND Vll 0 
0320 C VllOIl = -LC13CU 
0321 C DO 1003 J = 1,3 
0322 1003 VllOIl(J) = -l.C1.3CI1(J) 
0323 F13 = Fl3Pl + Fl3P2':'IJT31SQ 
032l, VllOM = RTM31V1'SQHT(1.-Fl3) 
0325 DO lOOl, J = 1,3 
0]26 100l, VllO(.J) = VllOU(.] )"'VllOM 
0327 C 
0328 
0329 
0330 
0331 C 
0332 C 
0333 
033l, 
033S 
0336 
0337 
0338 1007 
USE TflIS TO FIND V311 
V11.1(l) = -MIOVM3':'VllO(l) 
V111( 2) = -mOVl'13':'VllO( 2) 
V311( 3) = -M10VM3"'VllO( 3) -vLlmo 
NOW FIND V210 
V21.01l IS EQUIVALENT TO LC1211 
ROVASQ = RClSQ':'AlSQlN 
COFHCl = 1. -8, "'(ROVASQ-ROVASQ':""2) 
IlOFRCl = H12pl '- fIl.2P2·:'GOFRCl 
V210M = RTMUI2"'VllOW'SQRT(1,-1l0FHCl) 
DO 1007 J = 1..~ 
V210(.J) = LC121J( J YV2J.OM 
0339 DO l008 J = 1,3 
03l,O 1008 Vl1.1(J) = V110(.1 )-M20VM1"'V210CT) 
03 /13 . 10{)OR 
03/,1, 10006 
03/,S 
0.146 
0347 
0348 
03/,9 
D03 AND 1 IITT REPI':ATEDI.Y 
DO 10008 IX=1,3 
LCI2ClI( lX)=LCl211( IX) 
VS3=V311( 1. )':'LC13CI1( 1. )+V311 (2 YI.C13CU( 2 )+V311( 3 )"'LC13CI1( 3) 
VSl=Vl11( 1 )"'1 C13CI1(l hVl11( 2 )"'1.CI3CII( 2 h Vlll( 3 )'·'I.G13CU( 3) 
Vlllli3=O. 
T F( Vi{ 1113, LE, 0,0001. )COTO lOOOS 
DO 10001 IX=l, 3 
VT3( lX)=V311( IX )-VSYLCI3CU( IX) 
O3:iO lOom_ VTl( IX)=Vlll( lX)-VS1.-:'LC13CU(TX) 
0351. VK=ANKl3"'VHlli3+VS1. 
0352 VS1=AHP13+VHIH3+VSl 
0353 VS3=VK 
0351, DO 10002 lX=1.,3 
D355 V3U(lX )=VT3( LX)+ VS3-:'I.C13C11(JX ) 
D356 1.0002 Vl11(IX)=VTl( rX)+vsFLC13CII( IX) 
0357 VS2=V210( 1 )-:'lL12CLJ( 1 )+V210( 2 )-:'lCl2CI1( 2)+V21.0(3 Y'LC12CI1( 3) 
03 SR VS1=Vlll( 1 Yl.C12C 11( 1) "'Vlll( 2 )"'1'(:12C U( 2 )+Vlll( 3) "1'(:12ClJ( 3) 
035~) VH1H2=VS1-VS2 
031>0 I F( vln H2. LE. o. 0001)r.OTO 10005 
036J DO 10003 [X = 1,3 
03(,2 VT2( lX)~V21_0( lX)-VS2-:'I.C12CIJ( IX) 
0363 10003 VTl(TX)=V210( [X)-VS1"1,c12ClJ(lX) 
0%/, VK=ANK12-VHII1Z+VSl 
0365 VSl=AHP12"'VHUI2+VSl 
0366 VS2=VK 
0367 DO 1000/, lX=l,3 
031i8 V210( [X )=VT2( IX )+VS2"'LC12C U( IX) 
D31i9 10001, Vlll(IX)=VTl(lX)+VS1-:'LC12CLJ(lX) 
0370 r.OTO 10006 
0371 10005 CONTINUE 
0372 V311H=V31l( 1 )-:,,"2+ V31.1.( 2 )"""2+V311( 3 )':""2 
OJ 73 V111N=Vl11(l )':'-:'2+ V1.ll( 2 )':":'2+Vl11( 3 )0'''''2 
D371, V1A=VlllN 
0375 VllFT=SQHT(V31lN) 
037(, C 
0377 
037R 
037') 
0380 . 
HAVE THr,: NEEDE:O VELOCITIES, NOr< CALCUlATEI::NI::I(GIES 
E],3H1=HFNUU"'( (.V3ll(]' )-Vlll( 1 Y"'2+( V3U( Z)-·Vl.ll( 2) y"z 
H( V311.( 3 )-V111( 3) )"c:'2) 
EZ E=IIFHl+ VlIlN+HFNJ "'V31lN-E13Hl 
DO 1009 J = l,] 
0381 100~1 V12HEL(J)= V210(J )-V111(.1) 
0382 El2R1 = III'HUl2 ",( V12HE L( 1 Y-:' 2+ V12[( E L( 2),·,,"2+ V-I 2IlE1.( 3 )-:"'2) 
0383 E231:l=HFNU23':{ (V3U( 1 )-V210( l) )':'''''2+( V3U( 2) -V21O( 2) )':"'2 
0381, 1 +(V311(3) - V210(3)""""2) 
0385 - r: 
0386 
0387 
0381l C 
03WI C 
03~JO 
03!H 
NO\; F[NIl TIlE CONPONENT OF fHPACT E Al.J)Nr. TilE LINE OF CENTERS 
DOTP[(=V11 O( 1 )11 LCl2U(l)+ VllO( 2 YLCl21l( 2)+ V1.1 (J( 3 )"'1'(:12U( 3) 
El2TH=. 5 ,"Hl ,"D01'I'H ,"':'2 
NO\; SORT OUT THE VAR tollS REACTION PROCESSES AND ADD IlDllDEPSlLON TO 
CRIISS SECTION 
I.HEG=l 
El2Rl=El2[(HVl RE 
-A 1.7-
0392 
0393 
1.1'( EACT • LT. O. S':'-AI-:1 )eOTO 1.601 
E13H1.=E1.3n 1 ,''-E FAC1. 
039
'
, 
039S 
03'1(, 
0397 
0398 
0399 
01,00 
Ol,Ol 
0/,02 1500 
0403 
E1.21(] =E12H1.,''-EFAC1. 
H( RE13. CT. 0.1.)1 E=lNT( 10. ·:.-C E1.3H1.+EX(1)/ BEIJ ) 
CE13=8TlI3-E13R1 
CEI2=BTl12-El2Rl 
CRI2=CE12.LE.U 
CI1l3=CE1.3. LE.O 
CE12=CEl2 
CE1.3=C El 3':'-( ~!l':'-N3 /N2) 
IF(CH12.ANIl.CH1.3)GOTO 1602 
TF(CH12)COTO 1003 
OI,OL, IF( CRl3 )COTO 1601 
01,0 S CTOT=C El2+C E1.3 
OI,O(i PHAC13=CE13/CTOT 
01,07 PRACEL=l.. -PRAC13 
OI,OR COTO 7000 
()1,0~1 1601 1%\CEL=1. 
Old 0 com 7000 
OL,ll l(i02 PHACOS=l. 
01,12 CO TO 7000 
0413 1603 PHAC13=1. 
01,11, C;OTO 7000 
OI,lS 1liOI, I'HI\C23=1. 
01, Hi COTO 7000 
01,17 2000 CONTINUE 
01,18 T11EC=2 
COLLISION OCCIJHS IN [lEGION I I. 
CALCUlATE V120 
V120U=-LCI3CIJ 
()t,Z2 DO Z002 J = l,:! 
01,23 2002 V120U(.J) = -·LC13C(J(.T) 
01,21, 
01,2S 
01,20 
01,27 . 
1'13 = Fl3 1'1+ 1"1.3 P2':'-TlT31SQ 
V120N = HTM31V·:'-SQRT(l.-Fl3) 
V1.A=V120W"'.-2 
DO 2003 J = 1,3 
()t,2H 2003 V120CJ) = V120U(J)".''-V1.Z0N 
01,29 C CALCUlATE V321 
01,30 V32l( 1) = -M10VM3"'-V120(l) 
(lId 1 V32l( 2) = -M10VM3"'-V120( 2) 
OL,32 V321(3) = -NlOVM3"'-V120(3 )-VIERO 
Old 3 C FIND V321.1) 
-AI8-
Ill,} C; ~IA(; I.NV=l. /SQHT(HflGSQ) 
0436 V321N=1./NAGINV 
0113 7 VRFT = V321N 
01,38 DO 2001, J = 1,3 
01,39 2001, V32l(J) = V321(J )-:'~1ACINV 
SET UP QUADHfl1'[C TO SEE IF 3 ALSO COLLTIJES WITH 2 
AQUAll = 1. 
IlQUAll = 2. ,',( V3211l(l )"'( P3e( 1)-P'IWJ( 1 )+v3 21 u( 2 )"'( P3C( 2)- PTWn( 2» 
1 +V321U(3)+(P3C(3)-PllW(3») 
CQUAD = llSQ+ FA2A3+1\"'2 231'12+Z 13 P-:'(Z 13 I',"A 2cn~::) 
HADCflL = llQIIAD-:-~"2 -I,. "'AI)UAIJ-:'CQUflll 
I F HAil rCAL 1.5 LESS THAN 0, TIIEH E IS NO CO I.LlSTON WITH PAWI'le LE 2 
01,1,7 1111.'1'2=0 
OI,!,H I.F(HADCAL) 2100,2200,2210 
(Jt,t,C) 2100 CONTINUE 
El3H 2=H FN 1113 -:'VZ EHO,"-:'2 
EZ E=IIFH3"'NACSQ+III'MI-:'VI20H-:'VI20N-El 31{ 2 
E1.2H 2= 11 1'1'1 IU2 -:'VI20N,',,"2 
1 
E23R'=IIFHIJ23 ,"V3 21W""2 
FIND ENEHCY OF 1,2 ALONC THEIR LINE OF CENTEHS 
01, ,,:i 1l0TPH=LC12U(l ) ,"Vl20( 1 }ot- J.C1211( 2 )-:'V120( 2) ,-I Cl 211( 3 )-"'V120( 3) 
01, CI(; EI21M,;5''1-1l "IJOTPH-:c:'2 
Ol,58 
Ot, 5~J 2200 
QllGO 
01,61 
01,62 2210 
01,(,) 
Ot,61, 
01,C, 5 
0/.<"16 
01,67 
01,68 
Ot,69 
01,70 - 2211 
01,71. 
01,72 2212 
0473 2220 
01,71, 
01,75 C 
01,76 
SOKTI Ne; 0111' REACTIONS 
CO TO 2101 
CONTINUE 
HC=-,S.BQUAIl/ AQUAD 
IF( RC) 2100,2220,2220 
RTRAD=SQRT(RADCAL) 
Roon=o. 5",( - BQUAIJ-RTRAD) / AQUAD 
ROOT2=0. 5-:'( -IlQIJAJ}I-RTHAD)/ AQIJAD 
H( Iwon. 1.1'. o. AND .HOOT2. LT.O)GOTO 2100 
I F( Boon. LT. O. AND. 11001'2 GT. 0 )r.OTO 2211 
IF( IwOn.CT.o .AND BOOT2. LT.O.) COTO 2212 
HC=MIINl( Boon, IWOT2) 
COTO 2220 
HC=ROOT2 
CO TO 2220 
I1C=ROon 
CONTINUE 
UHT2=-1 
FIND 23 RlmllCEIJ IMPACT PAHANETEH 
nT23SQ=-HAIlCA L/( A2+A3 ),·,,"2 +1.. 
-1\ 1'}-
O!,77 F23=F23Pl+F23P2':'~T23SQ 
Of,78 V220M=HTH3H2"'V321W'SQRT( 1.. -1'23) 
()I, 79 C NO!; FIND fllHECTTON OF V220 
(V,110 flO 2221. .1=1,3 
01,81 2221. l'lJ{C(J )=P:/C(J)+I\C'·'V321.U(J) 
01,82 DO 2222 J=1,3 
()L,S3 2222 VECTOH(J )=PTIVO(J )-PU1C(J) 
01,8!, NI\CSQ=VECTOH( 1. )"":'2+VECTOH( 2 )'''''2+ VECTOH( 3 )':'"'2 
0485 HI\CINV=l./sQRT(MI\CSQ) . 
OMlf; DO 2223 .I =1,3 
01,87 2223 V220\J(.1 )=VECTOH(.1 Y-r-1ACINV 
O!, tl8 DO 2221, J=1, 3 
01,89 2221, V220(.i )=V220U(.J )"'V220H 
01,')0 DO 2225.1=1.,3 
IWn 222:' V322(J )=V321 (.I )-M20VM3·:'V220(.l) 
01,92 VIII'T=SQHT( V3 22(1. )':d, + V3 22( 2 Y"C;!+V322( 3 )-:'"'2 
1)f,~)3 DO 2226 :1=1., ~ 
01,')1, 222(' V12REL(.I )=V120U )-V220 (J) 
01,9(; 
01,<)7 
01,98 
01,99 
0500 
0.501 
0502 C 
E12H2=IIF'Hlfl2':'( Vl2H EL( 1. Y""2'" VlZr:El.( 2) 'd'2+ V12HEL( 3 )"":'2) 
E13R2=IIFMU1.3'·'( ( V120( 1.)-V3 n( 1.) )·:d'2·'·( V120( 2) -V322( 2) )':":'2 
1 +(V120(3)-V322(3))':"~2) 
E 23H 2= 11 FM U23 ,"V3 2UP',·:,Z 
DOTPH1=VIZ0( 1)"'LC12U( 1. )+V120( 2)"'f.c1.2U( 2)+V1.20( 3 FLC1.2U( 3) 
DliTPH2=V220( 1 YLC12U( 1.)+ V220( 2 )':'IJ:1ZU( 2 )+V220( 3 FlC12U( 3) 
E12nl=i5"'~1l ,"DOTPH 1':""2+. 5 "M 2,· DDTP[{ Z':d,Z 
en BACK TO SOH'J'ING PROCESS IVRITTEN FnH NO COI.LISION WITH 2 
0503 
0501, 
0505 
0506 
2101 CONTINUE 
0507 
O~08 
0509 
051.0 
0511 
0512 
051.3 
051./, 
051.5 
OS16 
0517 
051.8 
E1.2R2=El2H2+VIBE 
IF(1I1IT2. LT.O)GOTO 2500 
IF( EACT. LT. o. 5':'AEI )eOTO 1601. 
E13R2=E13R2':'I:;FAC 1 
E12R2=E12H2"E FACl 
U( BEl3. cr.o. 1) IE=l NT(lO •. :,( E13B2+EXOI)1 BEl:!) 
CEl2=IlTl12-EI2RZ 
C 1\13= IlTl13 -£1.31{ Z 
Cj{12~CE12. l.E. O. 
Cln3=CE13. LE .0. 
CE1.2=CE12 
CE13=CE1.3·:{m. "'~n 1M2) 
cow, 1500 
2S00 CONTINUE 
I F( EACT. LT. O. 5':'AE2 )GOTO 1601 
-A20-
051') E23H2=E23IU':'EFAC2 
0520 ElZR2=E12HZ+EFAC2 
0:'21 I:F( HE2). GT. 0.1 )TE=INT( 1 o. "'( E23H2+ EX(2) / BE2:! ) 
0:'22 CEl2=IIT212-E12R2 
0523 CEZ3=WI'223-E23R2 
052l, CI!lZ=CE12.I..E.0. 
0525 CH23=CE23.LE.0. 
oe,2!; CE12=CEl2 
0527 CE23=CE23*(M2*M3/M1) 
052" 30no CONT[NIJE 
0:'30 lREC=3 
0531 C 
0532 
COLI~S[ON IN lIT OH IV 
1'3e( 3 )=223 P 
0:'33 C GET IlETA23 
053<, C FIND DISTANCE FRO~I CONTACT POINT TO ORIGIN 
0535 IX) 3301 J= 1,3 
0536 3301 1£:23C(.1 )=P3CU )-PTWO(J) 
0537 B'INCSQ=LC23C( 1 ),",,"2+ I.C23C( 2 )"""'2 
053 H MAGSQ= IlTMGSQ+ LC 23e( 3 )'-""2 
0539 ~IACINV=l.. /SQHT(~IAGSQ) 
05/,0 DO 3302 J=1,3 
0541 3302 LC23CUU )=LC23CU )"'MAGINV 
OSt,2 EACT=IICMOU'( VZEHn"'LC23CI.I( 3) Y"'2 
05!'] DO 3303 J = 1,3 
05M, 3303 POFCON(.j)= PTIVO(.I }f'A2IIALF·:'LC23CU(.1) 
05/,5 RC 2SQ= PO FCON( 1 Y"'2·\· POFC:ON( 2)':""2+ PO FCON( 3 )-:":'2 
05!,6 BT23SQ= BnlGSQ / A2A3SQ 
05/,7 IF( RC2SQ-TST2SQ )3001,])96,4000 
OSt,8 3001 CONTfNUE 
0549 c: COLLl.SION OCCURS IN HEG[ON lIt 
0550 C 
0551 C 
0552 
O~53 3001 
055 tl' 
0555 
055(' 
0557 3004 
055H C 
05 5~) 
0560 
FIND V230 
V2JOU=-I.f: 23C 11 
DO 3003 .1=1,3 
V320ll(J )=-lI.:23CU(J) 
1'23= 1"23 1'1+ 1'23 1'2':' IlT23SQ 
V230M=RTM32V"SQHT( 1. -1'23) 
DO 3004 J=I, 3 
V210(J )=V230U(J )-:'V230M 
1"1 Nl1 VJ31 FHOM ~10MENTUM CONSEHVATl.ON 
V33l(1 )=-M20VM3':'V230(l) 
V331.( 2 )=-M20Vl'1V·V230( 2) 
-------- ------
-A21-
o "VI. V331.( J )=-N20VN3-:'V230( J )-V2 EIW 
0562 
0563 
0565 
05(, 6 C 
O~67 
O~(}H 
0569 
0570 
0r,71 
0575 
057(i 
0577 
0578 
0579 C 
0580 
0581 
C FIND TilE UNIT VECTIlH 
V331( U=-N20VN3"'V230(l) 
V331( 2)=-N20VN3-:'V230( 2) 
V33l( 3 )=-M20VM3,"V230( 3 )-V2EIW 
FrNll TilE UNIT VECTOR 
MAGSQ=V331(1)**2>V331(2)**2+V331(3)**2 
V3JUt=SQHT( MAC~SQ) 
VnFT=V331M 
~tAr.1 NV=l. /V331M 
no 300" J=l,3 
SET IW QLlAIlHATIC TO SEE TF nOllnLE CIJLL1SION (jCCLII{S 
AQUAIl = 1. 
BQUAIl = 2:"( V331U( 1),*-( 1'3(;( 1. ) -PONE( 1. ) )+ V33111( 2 )"'( P3C( n -PONE( 2 
1 ))+V331U(3)"'(P3C(3)-PONE(J))) 
CQllAD= BSQ+ FA lA3 -1l"'Z13Pl2+Z23 P1,( Z 23P-A lCOS) 
HADCA L-RQUAD-:'-:'2-1,. '·'AQIJAD-·'.{;QIJAIl 
IF RADICAL IS LESS THAN ZERO, TIlEN NO COLT.TSlON WITH PART .ONE 
IIHTl=O 
11'( RAIlCAL )3100,3200.3210 
0582 3100' CONTfNllli 
0583 E23R3=IIFNI123'·'VZERO'·"·'2 
o 5Rt, E13R3=fII'NU13-:,v331W"-:'2 
0585 EI2R3=IIF~t1n 2"'V230W"-"2 
0586 C 
0587 
0588 
0589 C 
0590 
o :'~J 1 3200 
0592 
05<)3 
05~)LI 3210 
0595 
05<)(. -
0597 
0598 
0:.99 
0(.00 
OG01 
FINn ENERGY AWN(; TilE l.TNF. 0 F CENTERS 
flOTPR= LCl211( 1. )"'V230( l)+ I C 1. 2 ll( 2 )-:'V230( 2)+ IC 1211( 3 )"'V230( 3) 
E12IM=. 5,"M2,"DOTI'I{ """'2 
SORTING Olff REACTIONS 
GO TO 3101. 
CONTINUE 
He = -0. 5-:' BQ IIA [) / AQIIA Il 
[F(HC) 3100,3220,3220 
CONTINUE 
RTHA[)=SQHT( RAIX:A L) 
ROO'fl =0. 5"'( - BQIJAIl-RTHAD) / AQUAIl 
ROOT2=0. 5-:'( -IlQUADI-RTRAD) / AQ UAD 
IF(HOOTl. 1.1' .O.AND ROOT2. LT .OJGO·!D 3100 
I F( ROOTl. LT • O. AND ROOT2. c;r .0.) GO TO 3211 
IF(fWOTl.GT.O.AtIO ROOT2. 1.1' .0;) COTO 321~ 
HC=AMINl (ROOTI., IWOT2) 
(}(IO:! 
0(,0:) 
O(,OL, . 
O(IO.s 
0606 
0(,07 
32U 
3112 
3220 
Cl) TO 3220 
BC=HOOT2 
CO TO 3220 
HC=HOOTl 
CONTl:NIJE 
IIIlTl=-l 
-1\22-
O(JOH 
0(,0') 
0610 
O() II 
0(,12 
C FIND 13 HEDlJCEIl TNI'ACT PAHMIETEI{ 
BT31SQ=-HADCAL/( A1+A3 Y-"'2·t-l 
1'13=1'131'1+ Fl3P2"'1lT31SQ 
V130M=HTM3M1 "'V331M-:'SQHT( 1 • - 1'13) 
V1A=V130W,,"2 
0613 C FIND V130U 
OIilL, DO 3221 J=1,3 
0615 3221 PLllC(j )=1'3C(J )+RC"'V3311J(j) 
0616 DO 3222 J=1,3 
0617 3222 VECTOH(J) = I'ONE(J)-PIRC(J) 
0(,18 MACSQ=VEC TOn( 1 Y"'2+ VECTOH( 2 )"""2·, VECrOn( 3 ),"-:'2 
0£>19 MAC lNV = 1./SQRT(~IACSQ) 
0620 DO 3223 J=1,3 
OG 21 3223 V13!lIl( J )=VECTOH( J )-:'MAG iNV 
0622 DO 3224 J=1,J 
0('23 3221, V130(J )=V1301l(J )"V130M 
0624 D03225 J=1,3 
0625 3225 V332(.1 )=V33j(.J )-mOVMJ.t<V13fl(J) 
0626 DO 3226 J=1,3 
0627 322G V12HE 1.(.1 )=V1300 )-V230(.1) 
0628 VZE=VJ3 2( 1 ),"-:'2+ V33 Z( 2 )"""2+ V33 2( 3 )'''''2 
0(,29 VIlFl'=SQHT(VZE) . 
06JO E12H3=IIFMII1Z·:'( V12HE L( 1 )"'·:'2+ V12HE L( 2 )"""2 t· VI 21<E L( 3 )"""2) 
0631 E13H 3=11 FMlI13-:'V3;J lW·'·' 2 
0632 EZE-IIFNJ ,"VZE+ IIFNl~YL3 OW'V130M-El3H3 
0633 EZ3H3=IIFMlJ2Y( (V230( 1 )-V33 2( 1) )-"""2+( V230( 2) -V33 2( 2) )-:""2+ 
0634 1 (V230(3)-V332(3»**2) 
0635 DOTI'Il 2=V230( 1 )"q,c 1211( 1)+ V230( 2 )-"'U: 12U( 2)+ VL10( 3 YI C121J( 3) 
0636 DOTPRl=V130(l )"'IC12U( l)+V130( 2)q.,c12lJ( 2 )+VUfl(3 )"'I,c12U( 3) 
0637 E12UI=. 5"'M1-:'DOTPHl """2+. 5"'~12"'DOTI'H 2-:,,"2 
0638 3101 CONTINUE 
0639 E12R3=E12H3+VlnE 
0Gt,0 IF(III1Tl. LT.O)r.oTO 3500 
0(",1 Il'(EACT.LT.0.5"'AE2)C;(lTO 1601 
06L,2 E23H3 .. E23R3'·'EFAC2 
-A2J-
or,!,] E12IU=E12H3o'cEFAC2 
nGI,!, [F( IIE23 • GT .0. l)l E=1 NT(lO. o'cC E23H3H:X(2) / 111\23) 
0(;1,5 CE1.2=RT212-E12R3 
0(jl,6 CE23=IlT223-E23H3 
061,7 CR23=CE23 .l.E .0. 
OMS CR1.2=CEl2.LE.0. 
061,<) CE12=CE12 
0650 CE23=CE23 "c( MZ-:·"M3 /Nl) 
or, 51 COTO I, soo 
0(iS2 3S00 CONTINUE 
0653 [F(EACT.I.T.O.~"cAEl)COTo 1(,01 
0651, E1.3H3=E13r:3-:'EFAC1 
0(,55 E12f{3=E12H3"cEFACl 
Of,5f; 1 F( flED. CT . 0.1) 1 E=I NT( 1 O. -:c( E1.310+EXlll) / IIE1:l ) 
OG57 CEl2=Bl'1l2-F:l2H3 
0(,58 CE13=BTl1.3-t:l3H3 
0(,5'1 CIl13=CE13. LE.O. 
0660 CHI2=CE12.1E.O. 
()(,lil CE:l2=CE12 
OGf; 2 C 1·:1.3=CF:1.3-:,(m ·'cM) /M2) 
06(,3 r.OTO 1500 
0664 4000 CONTINUE 
O()(i~ 
O{l(i{i C 
IHEC=', 
FIND V21,OU 
V2 I ,OIl= - 11: 23(; 11 
0668 DO 1,002 J=1,3 
066<) 1,002 V21,OlJ(J )=-LC23(;I1(.1) 
0670 1'23=1'231'1+ F23P2-¥RT23SQ 
0671. V2I,OM=HTM32V-:cSQHT( 1. -1'23) 
0672 DO 4003 .1=1,3 • 
0673 1,003 1'240(.1 )=V2I,OU(J )':cV2I,OM 
0671, V3t,l( 1)=-M20VM3·"V2I,O(l) 
0(;75 V3I,l(2)=-M20VM3"cV2I,O(2) 
0(,76 V31,Ie 3 )=-M20VM]"'V2MJ( 3 )-VZEHO 
0(; 77 C 
0678-
0679 400S 
Ofi80 
Or,81 
0r,82 
or,s] 
068!, 
0685 
V1 I,Oll=I£:1211 
f)0 1,005 J=1,3 
VlI,OIJO )=-LCl2lJ(J) 
HOVASQ=RC 2SfFA2SQ IN 
COI'RC2=1. -8 •• ','( IWVASQ-ROVASf),:-,'2) 
110 FHC2=1Il2rl-1Il2P2-:cr,O FRr. 2 
Vl.l,OM=Rn!2Nl .'cV 2I ,OW'SQH'I'( 1. 110 FHC 2) 
VIA=VlI,OWco"2 
DO 1,00(, .1=1,3 
O()86 1,110(; 
0687 
0688 1,007 
O(jl)<) 
0690 11008 
0691 11006 
0692 
06<)3 
0691, 
O()~) 5 
O()96 
OM7 llOOl 
0698 
0(,99 
0700 
0701 
0702 
0703 UOO 2 
070/, 
070C, 
0706 
07117 
0708 
0709 
0710 
0711 11003 
071.2 
0713 
0714 
071S 
0716 
0717 llOOI, 
0718 
0719 nOO5 
0720 
0721 "I,OOS 
0722 
0723 
072t, 
0725 
0726 
0727 
V140(.I)=V140U(J)*VI40M 
DO 1,007 J=I,3 V 
I 
V241(J)=V240(J)-MI0M2*VI40(J) 
DO llOOS lX=l, 3 
LCl2CU( rX)=LCl2U( IX) 
VS3=V3t,I(1 YLC23CU( 1 )+V3 t ,l( 2YID 23C 1)( 2 )+VV, 1(3 )"'ID23CU(3) 
VS2=V2l, 1(1 )"'l,c23CU( 1 )+V2t,l( 2YL,c23CU( 2 )+V2t, l( 3 ),·,(,c23C U( 3) 
VH21!3=O. 
[F(VH2H3.LE.O.000l)GOTO llOOS 
DO 11001 lX=l, J 
VT3 (IX )=V)I,l( LX) -VS3'·'1.c23c lIe I X) 
VT2( IX )=V2·H( IX)-VS2"'i,c23C lI( [X) 
VK=AMK23"'V H2H3+ VS2 
VS2=A~IP23 "'VK 210+VS2 
VS3=VK 
IXI ll002 LX=l, J 
V3 t,1( IX)=VT3(TX)+VS3':'IL23CII( IX) 
V2 /d( IX)=VT2(IX)+VS2"'LC23CU(lX) 
VIIFT=SQHT( V3!, I (1 )"""2+V3 /, l( 2) ":,,"2+VY, l(:3 ),b"2) 
V~;l=Vli, O( 1 YLC 12C 1)( 1 h V140( 2 )":'ID12r.U( 2 )+VI/.()(3) ':'lC12C UC 3) 
VS2=V2t, l( 1 )"'LC12ClJ(l hV2t, 1 (2) "Le 12(; lJ( 2)+ V2l, 1(1 )":'ICl2C UC 3 ) 
VIUIl2=VSI-VS2 
IF( VHlIl2. LE .0.0001 )GOTO 1100S 
DO noOJ IX=I,3 
VT2( rX)=V241 (IX) -VS2':'1,c12C lJ( IX) 
VTl(IX)=V140(IX)-VS1*rC12CU(IX) 
VK=AMKl2':'VRIH2+ VSl 
VSl=AMPl2"'VR 1112+VSl 
VS2=VK 
00 llOOt, IX=l, 3" 
V2L, 1( IX)=VT2( LX )+VS2':'LCl2CII( IX) 
Vl t,O( IX )=VTl(lX)+VSl "'IC12ClI( IX) 
(;0'1'0 11006 
CONTINUE 
IXI t,OOB J=I,3 
V12REI.(J)=V241(J)-V140(J) 
E12Rt, =IIl'MlJ12"'( V12HE L( 1 ),"':'2+ VI2IU, Le 2 ),'''''2+ VIZ nE Le 3 )"""2) 
El3RL, =HFM1ll3"( (VJI,l( 1) -V140( 1 )"·-."'2+ V31, le 2) -Vll,Q( 2» ,'·-:'2+ 
1 (V3I,l(3)-VV,0(3)':';'2) 
E23HI, =HF~IU2:l':'( (V3!,l( l) -V24l( 1) ) ,'"o":l( V3/, 1 (2) - \'2!,l( 2) Y"'2 
1 +(V3 t,l(3 )-V2/,l(3) ),'''''2) 
1l0TPH = V240( 1) ,"LC 1211( 1)+ V2 t,0( 2 )':'Le 12U(:>')+ \l2t, 0(3 )':'LC12U(3) 
072H 
072~) 
0730 
0731 
0732 
0733 
073t, 
0735 
0736 
0737 
07JS 
073') 
07/,0 t,500 
07/11_ 
07/,2 
07t,3 
07 M, 
0745 
07t,6 7000 
07t,7 
07l,8 7100 
071,9 
0750 7200 
0751 
0752 7300 
0753 
0751, 
0755 
0756 
0757 
0758 
0759 
07(iO 
07(il 
0762 
07G] 
OU,!, 
0765 
07G6 
07/i7 
07(,S 
-A2~-
IF(EACT .l:r.0.5'·'AE2)r.OTO 1601 
E23HI,=E23Ht, ,"E FAr. 2 
E12Ht,=E121{t,':'E FAC 2 
IF(BE23.GT.O.l)TE=INT(10.*(E23R4+EX02)/BE21) 
CE12=BT212-E12Rl, 
CE 23=- IlT223 -E 231\4 
CH23=CE23. 1.£ .0. 
CH12=CE12.1E.0. 
CE12=CEl2 
CE23=CE23 ,"( MZ-:'N3 /Hl ) 
TI'(CH12.AND.CI{23 )mTIl In02 
TF(CH12)(;OTO ItJOt, 
I F(r.IC~3 )eOTO InOl 
C'!'OT=CE12+CE23 
PHAC2J=CE23/CTO'!' 
PHACEL=l. -PHAC23 
XDISS(NTIIETA )=XIl [SS( NTIlETA)+ IlDBDEP(NIlYPRAC liS 
XDlSH( [HEr. ,NTHETA )=XDlSH( IREr. ,NTllETA)+ BDIlDEP( N Jl )"'PHACDS 
X31.X2(NTHETA )=X31X2( NTlIETA)+ BDIHJEP(NBYI'HAC13 
X31HH( 1IlEG. NTIJETA )=X31HH (THEe, NTJlETA)+ RD BDEl'( NB )"'PHAC13 
X32Xl(NTHETA )=X32Xl(NTHETA)+ IlDIlIJEP(NB)"'I'HAC 23 
X3 21W( IREG ,NTHETA )=X32RH(IHEG, NTHETA)+ BDBDEP( Nil )1'PHAC23 
XELAS( NTHETA )=XELAS( NTHETA)+ BIlBIlEP( NH)"'PRACEL 
XE 1.l1( 1 REC, NTHETA )=XE l.ll( TREG, NTHETA)+ IlDllDEP( Nil )"I'HACE L 
I F( VBI'']' ,CT. VZEHO )WRITE( 6, '!201 )VBFT, I !lEG, vZlmo 
I=TNT( 30. "'(VBFT/VZEHO Y"'2) 
LF(I.LT.l) 1=1 
IF(T.GT.30) 1=10 
ERAT( I. )=ERAT( 1)+ IIDJlIlEP( N 11 ),"( PRACEL+ PHAC IlS YSI NTH( NTIIETA Y 
1 S IMPUT( NTIIETA) 
VA=VA+ VIA "LlJ) RIlE p( NB),"PBACDS", 
1 SI NTJJ(NTHETA )"'SH1!'IIT( NTIIETA) 
IE=TE+l 
IF(lE.GT.l(J)I.E=lO 
ECTl( lE )=ECTl (IE)+ I'RAC13<'JlSSCON 
ECT2( IE)=ECT2( lE )+PHAC23"'JlSSCON 
VZE=SQRT( EZE/IIAN13) 
IF( VZE .CT. VZERO WRITE( 6 J noo )VZE 
IZZ=l+JNT(l O. "'VZE/VZERO) 
-A 2()-
1l7(,') 11'( IZZ .(;T.10)IZZ-1O 
0770 VEZ( IZZ )=Vf:Z( IZZ )+I'I('~C13"'I\SSCnN 
077l ')200 FOHHAT(' VZE=' ,Ell'!,) 
077 2 9201 FORHAT( , vlwrz=' ,E11.,l, , Ifi, Ell.. I,) 
0773 7996 CONTINI~ 
077/, 7997 CONTINUE 
077 5 7998 CONT INUE 
077(, 8000 CONTINUE 
0777 T=O 
077K DO 30 1=1,30 
077~) 30 T=T+EHAT(l)"'ALOG( FI.OAT(I )(311.) 
0780 A LFA~- T 
07Hl CA LL OUTA 
0782 9001 CONTINUE 
0783 9000 CONTINUE 
07 tll, GO TO 11 
0785 9999 STOP 
0786 END 
ENIl OF SEGMENT, LENGTH 1,51,8,NMm BAIIP 
0787 
0788 
0789 
0790 1 
0791 2 
0792 
0793 
0791, 
0795 1 
07% 2 
0797 3 
07~1 8 I. 
0799 5 
OROIl 6 
0801. . 
0802 
OR03 81.01 
0801, 
0805 BIO:! 
0806 
SIfRHOlJTJNE OIJ'I'A 
RE 11 I. H1,~12,M3 
CONNlIN /ZZ /M1, N2, M3, A 1, A2, At! , IlEN12, REND, BE N I 'I, ECM, AEU, A E2l, 
END, THEM IN , DELTIIE, NTITI'ND • E PSHIN, DE U: PS, Nl'TSNIl, lI~llN ,DE LB, NBEND, 
TXDISS, TX32X1, TX31X2, TXELAS. VIAE 
COHHON/ZX/XIHSH( 4,50), XEl.H( i" 50 )X3lRR(i,,;' 50 )X32HR( I,~ 50)ALFA, VA 
CO~1l'ION/XV /Vn( 3), VT2(3), VT3(3), ECTl( 10), EC1'2(10), VEZ( 10) 
COHNON/CZ /TIIE( 101) ,SlNTII(Hll) ,XIJISS(lOl ), XJlX2( 101), i32Xl(l01 ), 
XEIAS(10l) , r;ONE(3), PTIoIO( 3), \'3C (3), PLHC(3), VECTOR( 3), VHO 
(3), VJll(3), V2101l(J), V210(3), VllOU(3), VL!OII( 3), V120(3), V32l(3), V3 
] U(3), V322(3), V220( 3), V220U(3), V2361J(3), V230(3), V3Jl(3), V33UI(3), 
13011(3), V130(3), V33 2( 3), V:YII)U(3), VVI1(J ), VIl,(lIJ( 3), Vlt,O(3 ), V 2110(3) 
V2 Id.(3), VIll(3), Vl2 HE 1.( J ), IITNPCT(lOl), 1IIlIlIlFP(lOl), EP( 101), 
S INEI'(lOl).,COSEP(lOl), 1'0 FCON(3 ),S r~IPI,T(lnl) 
H EA L NNO L, ~1TO TA L, He ~1~1Il L 
IoII{ITE(6,810l) 
FOR~Ln(l H1,I,511PARAHETEllS FOH TflIS CALClJI . .Al'lON,ATOM-DIATOM) 
IoIRITE(6,8102) Hl,H2,H3 
FOHMI\ T (HIO ,11I·IHV;FlO. 5, :,X, loIl~12'OFlO. 5, 5X, III lI·n0, Fl 0.5) 
\,yRITE (6,8103) A1, A2 J 113 
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o K07 81fJ:l FOH~IAT( 11111, I" lA 1:;1"10. S ~ r,X, 111 lA 2,;1.'10. r" r,X, 1,11,\ -\-; 1'10. 5 ) 
0808 IVIllTE ((i, ~ll()/,) BENI2, IlEN23~ IlENU 
0801) 810l, F()HNAT(lIIl)~ 711IlEN12:;FlO. 5, .sX, 7I1BEN2J,;FlO. 5, '~X, 7I1BENU,=FlO. S) 
ORIO EC~I=Enl'l.O/,/,3 
Oil 11 IVHITE (6, Ill0r, )AElI, AE2!, END, EC~l 
OS12 810r, FOHNAT (1110 ... /dIAE=jFlO • .s. 211:;1'10. 5, 5X, 7 III.A 11 E,;Fl.O. 5J 1,X, llllC 0 
01113 1 F M E = 1"1.0.5) 
08ll, Im [TE (6,8106) TIIEMIN, OELTHE, NTHEND 
Oll1o, Bl0(; FOHNAT (1110 ,RIITIIEN1N"FlO. 5, o,X, 8111lE 1.,],IIE",Fl O. '" 5X, BIINTIIEN D5I3) 
o III () I.IKITE (fi,8108)EPSMIN,DELEPS ... NEI'SNIJ 
OH17 8108 FOHMAT( 1110, 81IEPSMIN",FlO. 5, 5X, 8IIDELEI'S" no. " ... "x) 8HNEPSND5I3) 
0818 !,I<ITE (6,BI09) BMIN, IlELB,NBEND 
0819 8109 FORNAT(1110J fiIlHMTN'jF10. 5, 5X, 611IJEI.B"F10. 5, 5X, 71!NBENDSI3) 
OB20 C NO!; CALCULATE AVERAGE OVER ANGLES 
0821 C NOlo] CAlCUlATE AVEIlAGE OVEH ANGLES 
0822 TXllrss=o. 
0823 TX32Xl = O. 
Oil 2/, TX31X2 = o. 
0825 TXELAS = O. 
OH2(, 00 8]20 JTIIETA = 1, NTIIEND 
0827 TXIlTSS=TXDISS+SINTII( JTHETA )'·'SIMPIVT(.i TlIETA )"'XIl [SS( -'THETA) 
OB 28 TX3 2Xl=TX3 2Xl+S I NTII(.J THETA )"'5 T~lI'IVT( J TIIETA )-:,x12Xl(.JT!fETA) 
082~) TX31X2=TX31X2+SINTH(JTHETAYS [Ml'!'T(.JTIIETA Yx31X2(JTHETA) 
OH30 TXE LAS=TXEI..AS+STNTII(.ITIIETA ),',s 1 ~llrIVT( .lTIIETA )"'XELAS(JTHETA) 
0831 8120 CONTINUE 
0832 C 
0833 C 
NO!, MUl.TIrl.Y BY TilE FACTOH FIWM TIlE QllADIlATllHE SCHEME( 11/3) AND 
ALSO TlfE FACTUi{ f.'HOM TAKlNG THE AVEBACE OVI':H THETA = 1/2 
0834 FACTOR = IlEl.THE/6. 
083" TXlll SS=TXIlISS,"FAC TOI{ 
0836 TX32X1=TX32Xl-:'FACTOI{ 
OH37 TX31X2=TX31X2,·q.'ACTOI{ 
0838 TXEI.AS=TXEIAS'·'FACTOf{ 
0839 TOTA 1 ..=TXIlISSHX3 2Xl+TX31X2+TXE LAS 
08/,0 !,RITE«(',8121 )TXIJlSS 
08/,1 8121 FO I(MAT( 1110 ,v, mOTA L 1l1SS0C lATTD N C [{OSS SECT I ()N~El1.L, ) 
08/,2 I.JlnTE(fi, 8122 )TX32X1 
08/,3 8122 FOHMAT( 1110 /j711T0TA I. CHOSS SECTION FOil TilE I'I:OCESS(3+ 1,2=1+3 
084/, 1 .. 2)=,E11. /,) 
08/,5 1,1( [TE( 6, 8123 )TX31X2 
Olll,(, 8123 FnH~It\T(lIlO.5711T()TAL CI{()SS '3ECTION FOH TilE l'I:{ICESS (3-J-l,2=2-\3 
mll,7 1 , 1.) = ~Ell.L') 
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OH!dj IVHITE((',1:l12!,) TXELAS 
081,9 H121, FORHAT(lHO>{,llIlTOTAL CROSS SECTLON FOH r.:IAST.i.C SCATT"HTNr.'jEl1.4) 
0850 I"UTE( 6, R125) TOTAL 
0851 H125 FOHHAT(lHO,19I1TOTAL CHOSS SECTION FOH ALL PI:OCESSES =_,El1.I,) 
0852 ETl=O. 
fHl53 ET2=0. 
OHS!, VZT=O. 
OHS5 DO H01 1=1,10 
0856 VZT=VZT+VEZ er) 
0857 ETl=ETl+ECT1(l) 
085R 801 ET2=ET2+ECT2(I) 
0859 IF( VZT. EQ .0. )VZ T=1.. 
OH(iO IF(ET2.EQ.0. )F.T2=1. 
0861 1F(ETl. EQ.O. )ETl=l. 
0862 DO 802 1=1,10 
0863 VEZ(T)=VEZ(I)/VZT 
OS6i, ECTl(I)=ECTl(T )/E1'1 
01:\(>5 S02 ECT2( L)=ECT2( O/ET2 
OS(;6 I,KITE( (',8301)( FCTl (T ) J 1=1,1.0) 
0867 IVRITE((,.R302)(ECT2(f),T=l,10) 
OH(,8 8301 FOI{NAT(1.HO ,1OH PROD 1.3 > I 01') ./, ) 
O!lG~) H302 FOj{~IAT(1110,IOII l'HOD 23 ,IOI').!,) 
OS70 WH1TE(6.8304)(VEZ(I),I=1.,10) 
OS71 H30!, FORNAT( 1/7211 VELOCITY OF 1I0T ATml AFTEI{ HEACTION TO FOR~I 13-FRACT 
0!l72 1 ION OF VZEno .1/10P).I,) 
,oH73 A LFA=ALFA "'FACTOR/TOTA L 
0137/, T=ALFA-:'TOTAI./C TXEI.AS+TXDISS) 
0875 WI{[TE(6.GOl)ALFA,T 
OH76 IF(TXD1SS.U:.O.)GOTO 8~00 
0877 601 l'onNATC//' ALl'A FOR NON-/{EACTtVE COLLISlONS=' ,FIO'!,,' OR',FlO.4) 
0878 V1A=m'j!0. 5,"ViI-:'FACTO f{ ITXDlSS 
0879 HRrTE(6,602)VIA 
0880 !:ll,OO CONTl NUE 
OS81 602 FOI{NAT(j' AVEI{AGE E OF ATom AFTEI{ 11ISS= ~ 1"10.4,' EV') 
0882 RETUI1N 
OR83 END 
END OF SECHENT, U:NGTfI 1,53 N/\HE OUTA 
oss!, FINISII 
END OF CO~ll'll.ATION - NO ERRORS 
sIc sunFLl.E: ry9 BUCKETS IISED 
CONSOL1DATED JiY Xl'CK12K DATE 2J.07.110 TTHI': 22/ 1,5/19 
APPI-:NIJIX IT r 
COlllpLlter P[ogcall1 For BiI1l111~lti.llg a 
!tnl: atom n~<lct:ioll 
IlIHENSI.tJN YONE (t,ll) , Y'lWl(',O),YSCA(!,O) 
IJUIENS ION FR(t,O), FS (L,O) , FM (1,0 ) 
CO~IN()N ALI'R,AL\,S,AI.I'~I,Y 
CALL INlT 
X=0.521397M5C,7 
Y=X 
KEAD(5, '-')NT, NS, EIN 
WRITE (l,12)NT,NS,AIYR,Al~S,Al~N 
12 FOR~IAT(lX,219 ,3F10.3) 
DO 20 l=l,NS 
ImAD( 5, ,-c) FHEAC, FSCA 
F~IOIl~l. - FREAC - FSeA 
FTEN\,= FREAC+ FSCA 
FKEAC1=( 1-FHEAC) / FHEAC 
PONE=O. 
I'T\oIO=O. 
I'SCA=O. 
DO 200.l=l.,NT 
5=1.. 
E=EIN 
IJO 100 U=1,lOOO 
X=HANIl(X) 
IT(X. LT. FHEAC)C:OTO 50 
J F( X. 1.'1'. FTENP )eOTO ('0 
E=E'''FLOSS( 3) 
COTO 90 
50 cnNTT NIlE 
X=HANIl(X) 
[F(X .GT. FPIl( E) )GOTO 55 
E=E'-'FI.OSSO)-I,.5 
GOTO 90 
55 CONTINlle 
1'1= FPI( E) 
P2=FP2( E) 
CIJ=FCIJl(E) 
1'1=1'1'-'( 1. -CIl) 
CD=FCD2(E) 
1'2=1'2'-'( 1. -CD) 
l'ONE=PONE+S'::P1 
I'TI,O=l'lWl+S":P 2 
S=S'·:(1. -1'1-1'2) 
E=E*Fl.OSS( 1) 
GOTO 90 
(iO PS=FPS(E) 
I'SC A=I'SCA+S ":PS 
S=S":(1.-PS) 
E=KHLOSS( 2) 
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<)0 I.F(S.I.T.O.OOl.)COTO 200 
[F(E. LT .0. 5)GOTO 200 
100 CONHNlm 
2(10 CONTlNlm 
FR(L)=FHEAC 
FS( I )=FSCA 
FNO )=1. -FREAC-FSCA 
YSCA( I)=PSCA/NT 
YONE(T)=PONE/NT 
20 YTW1( f)=PTlvO/NT 
WHf'fE(1,RO)NT,EIN 
HO FORNAT(' HESULTS FOil SYSTEN', 16, 2X' HOT ATOMS STAIiTING AT' 
1 J E'J.2,2X,'I;V'//) 
1,I<lTE( 1.,81)A LP\{, A Lt'S, A 1.I'N 
Hl FOIiMAT( 'A LP\lAS' ,c,X, ' HEACTANT=' ,1'8.3 /UX, ' SCAVENr:I'I:'" , FH.3 /12X, 
1 ' MODEHATOH=', FIU/ f) 
I'HT.TE (1.82) 
82 FOHNAT(7X,' FREAC FSCA FMOD Pl. 1'2 PS PYlEW' /I) 
DO 70 I=1,NS 
YTOT=YONE(I )+YTlvOCT) 
70 WHITE(1 ,84 )FR(T) , FS(O, YONE( n, Y'\'\'O(J.), YSCA(I), YTIIT ,FM <-1. ) 
Ht, FOllNAT(SFlO.3) 
WRITE(l, 85) 
85 FOHMAT(f' END OF' HUN' f) 
CALL EXIT 
END 
SURIWUTINE INIT 
COMNON/l'H[ E1(10), P1(10),PCD100) 
COMMON/PH2 E2(10}, 1'2(10), rCD2(lO) 
COMMON/PHS/ ES(10), I'S(1.0) 
COMMON/PIHJ/ ED(1.0) , PD(10) 
COMNON ALl'll,ALPS,ALPM 
DHIENS ION E(10) 
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I{EAD( 5 , "')A 1.1" I{, ALl'S, A !..I'M 
DO 1. [=1., HI 
1. I{EAD(5,"')El( 1),plC 1),PCIl1(T) 
DO 2 [=1,10 
2 READ(5,*)E2(I),P2(T),PCD2(I) 
DO 3 1=1,10 
3 READ(5,*)ES(I),PS(I) 
DO I, 1.=1,10 
I, HI,:AD(5,-:'),IW(l),I'Il(T) 
HRTTE(l,20) 
20 I'OHNAT(' PlmCI{AM TO SUIIJI.ATE HOT HEACTTON YfEUIS' 1/ /) 
I, H ITE( 1 ,21) 
21 FOI{MAT( , EX ITATJON FUNCT [ON DATA' / j) 
HHITE(1;22)(El(I),Pl(I),PCDl(1), 1=1,10) 
22 FOI\l1AT('FUNCTION 1'//' ENEHCY I' pel)'//10(F8,2, ilX,F8,1" 
1 iI x, 1"8,1, , /) 1/ /) 
I,HTTE(l,23) (e(r) ,P2(0 ,I'CIl2( I), 1=1.,1.0) 
23 F()HMAT('l'lINCTlON 2'//' JlNERCY P 1'(:))'1/10(1'8,2,/,X,F8,iI,I,X 
1 ,8,1,,/)1/ /) 
I,RITE(l,21,)(ES(I),PS(I), 1=1,1.0) 
21, FORMAT('FUNCnON SCAY'//' ENERCY 1"//l0(F8.2,I,X,FR.4,/)///) 
HRITE(l,25)(ED(I),PD(I),I=1,10) 
25 FOR~IAT('FUNCTION PD'I/' ENERCY 1"//10(F8.2,4X,FfS.I,,/)///) 
A INTl=O. 
AINT2=0. 
DO 100 1=1,9 
.J=1+1 
A lNTl=A INTl+D 1.0C( El( J') /El( I» "'( plC I )+(1. 5 -:,( P1.(J) :,-pH I») 
100 A I NT2=A I NT2+DLOG (E2(.! ) / E2(l )"'( 1'2 (I)+O. 5",( P2C J) -I' 2( I») 
1'1=A INTl/ A LPM 
T2=AINT2/ A LP~1 
HIUTE(l. 26 )AINTl,AINT2. Tl, '1'2 
26 FOH~IAT('REACTlVITY INTECRALS n [2' / /12X,2Fl2. i ,,<iX 
1 ,'ABSOLUTE UNlTS'//12X,2Fl2,L!,6X'UN1TS ALPlIA NOli' If) 
\{ETUIlN 
(CND 
FUNCTION FP1( (C) 
CONNON/I'Hl/ EV(lO), PVC 10) 
X=DLOG( E)/O. 693].1,7 
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N=lFJX(X+.S+2.0) 
r F(N. LT .1. OII.N .r.T.9 )(;OTO 80 
1'1'2=1'1'( N)+ (I'V( N+ 1) --I'V( N) )-:,( E-EV( N) ) I (EV( N+l) -EV( N)) 
HETURN 
flO 1'1'2=0. 
I{ETIJRN 
END 
FUNGTTON FClll(E) 
cmlMON II'll 1. I EV( 10) , I'V(10) ,PC Ill( IO) 
FCDl=O. 
X=lll.OCC E) 10. G') 3lL,7 
N=IFIX(X+2.5) 
I F( N. LT • 1.. ()J{ • N .CT .') )r.oTO 80 
FG Dl=PC: DJ.( N)+ (PC: Dl( N+l) -PC In( N) ) "'C E -EV( N» I (EV( N ,'-1 ) -EV( N) ) 
HO ImTUIlN 
ENll 
FlJNC:TlON FCJJ2(E) 
COMMONI PIl21 EV(lO) , PV(lO) , I'CJl2(lO) 
FCD2=0. 
X=DLOG( E) 10.693147 
N=l.FIX(X+2.5) 
IF(N.LT,l.OH.N.r.T.9)GOTO 80 
FCD2=PCD2( N )+( PCD2( N+l )-PC 02( N» ,',( E -EI'( N» I (EV( Nil) -EV( N) 
80 RETlJlm 
END 
FUNC nON FPD( E) 
CONMON/I'IWI EV(lO) , ['VOO) 
FPD=O. 
X=llLOG(E)/O.n93147 
N=TFIX(Xi2.5) 
[F(N.LT.l.OR.N.r.T.9)r.OTO HO 
FPD=PV( Nl+( pvc N+ 1) -Pvc N) )-:,( E-EV( N) ) I (EV( N+l) -101'( N») 
80 ItETURN 
END 
FUNCTION FI'S (E) 
COMMON/pHSI EV(lO) , 1'1'( 10) 
X=DJDr.(E)/O.G93147 
N=IF'IX(X+.5+2.0) 
IF(N.LT.l.OH.N.GT.9)(;oTO 80 
FI'S=PV(N)+ (pV( N+ 1) -1'1'( N)) -:'(E -EV( N) ) I (EV( N+l) -EV( N») 
RETIJItN 
80 1'1'$=0. 
n()TTO~1 
I:I':TIII{N 
END 
FlINCl'lnN FlflS5( r) 
U)~INIl N 1\ 1,(:1 ), Y 
Y=IlI\Nfl(Y) 
FI.OSS=EXl'( -2. ,',y,"A L.eO ) 
J{ ETUltN 
END 
FUNCTION I{ANIJ(I\) 
1\=37. ,"A 
A=I\ -A I NT( 1\ ) 
I(ANIl=A 
HE:TIJRN 
END 
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AI'I'ENIlIX IV 
Correction or Product Yi.elds for "2 Impurity 
alld for "tllIIC ~,e:d. i.fl{!," dalllaj',e 
Tbe coerecti.orls listed helo\.;r should hl~ considered rough correc-
1:1011S all!! "-Ire b<1.:;(~.d nn the calculated reacti.vi.ty integrals. 
r) l:i)r[l~ct:i..on of" UT y 1 elds of the TI.D
2 
systems due tn the presence 
n F ........ 3% hyd rn!!,(! 11 i.mpu r i. t:y. 
11) Correcti.on of Ill' alld OT yields of r.he l'+llD syst"m" due to 
tube "seali.ng damage" (_3%)t 
111' 
I\rr(cor)= Pm,-·03 x P IlT ( Tm
2 
1 
) +0.03 x 
1111' 
1'111' -.031'111' [ 1
111
,2 
1 
T ~~J [ 
HT 2 
SimLlarly 
101' 
PUT(cnr)= POT -.03I'DT [I 2 
IlT 1 
lOT 1J 
101' 
2 
1 
( 111'1) 1'111' -l-
ilT 
2 
Ill) Correction of 111' alld D1' yi.elds 01' the 1'+1I
2
iJ
2 
( 1:1 mixture) 
due to hoth the hydrogen impurity ( 3%) and the "ClIbe sealing" 
damage (_ 5;0. 
TilT 
) r r (1 ) +.05 I'IIT(cor)= "liT -.( l.)I'II'l'- .D.) x Pm lilT 
= 1'm' [1. - .015 - T r ( 111'1 .O~ -I--
Similarly 
lilT 
PDT(.cor)= POT [1+.015-.05 ("--r 1 
DT 
2 
Ill' 2 
2 
-.05 
-AJI,-
hlhece '-11'1' and '-IlT
1
. aLe the calculated reactiv1.l:y i.ntcgl~als of t:he T+IID 
1. 
Syst:l~JllS and ar(~ {~qllal to 1.029 :1nd 1.220 l:espectively. 
I'HT alld 11)'1' a[c the cal.culated r.c'H~ti.vi ty i.nl:e,!.r~als of the 
2 2 
T+f12lJ 2 (liD systems a 11(1 acc equal to 1.282 and l.W)7 respecti.vely. 
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APPENDIX V 
K,(,-2 l'lo t: paramE:tcrs Us Lng A hsolute Values 
01' (),mnd. and n rear; •. :: 
System a. r la. (a/OP. HT (a/ f) i' • DT 
T+11
2
: 1J
2
(1 :1) 0.7H 1.03 0.1,9 0.1,5 
0.7l 1.0l 0.49 0.1,0 (He moderated & lel 0.57 0.97 0.1,9 OJ,l 
scav811gecl) 0.45 0.% O. i,l, 0.38 
0.3H n.R7 () ,1,9 0.43 
0.30 0.80 () ,1,9 OJ,5 
0.23 0.G9 0.45 0,1,5 
0.17 O.l,S 0.55 0.53 
n .1l, 0.31, 0.63 0.61 
0.1.1, O.V, 0.66 0.63 
n.D 0.26 0.79 0.78 
'('+ 11 IJ Cl it) 0.90 1.02 0.49 0,/,3 2 2 0.81 0.9!, 0,/,5 0.38 (Ar. moderated & lel 0.68 0.77 0,/,8 0,/,1 
scavenged) 0.61 0.69 0.48 0,/,2 
0.57 0.58 0.52 n ,/,7 
0.51 0,1,3 0.62 0.56 
n.l,7 0.35 0.61, 0.59 
0,/,2 0.19 0.9l, 0.89 
o .L,l 0.12 1.08 1.01 
0.41 0.12 1.11 1.06 
o .L,O 0.07 1.19 1..1.2 
Kc 0.86 0.% 0.51 o .L,5 
TI-! I j) 0:1) 0.7') () • fHl OJ.l.j. 0.39 2 2 0.68 0.71, 0.1,7 O. l,3 (Kc lIlo(h~ 1.'[1 t:cd & I.Cl 0.63 0.63 O.M; 0,1,5 
scavene,ecl) 0.5') 0.54 0.54 0.53 
0.54 0.42 0.61 0.65 
0.45 0.11 1.02 1. 20 
0.50 0.31 0.71 0.7l, 
0,/,7 0.21 0.88 0.92 
0.45 0.11 1.07 1.14 
0.45 0.11 1.00 1..02 
'1'+ liD 0,/,6 0.78 0.52 0.60 
(He moderated & TCl 0.52 0.89 0.39 0,/,3 
scavenged) 0.61, 0.90 0,/,6 0.51 
0.39 0.83 0,/,7 0.53 
0.31 0.77 O. L,6 0.51 
0.21, n.GG O.M! O.5t. 
0.1(j n.39 0.58 O.Gl, 
0.13 0.28 0.70 0.75 
0.20 0.58 0.48 0.55 
0.1,/, [).29 0.65 0.78 
0.13 0.30 0.68 0.72 
-A3() -
S ys t:elll a [fa (al Of' '11'1' (al Or. IlT 
'1'+ Ill) 0.96 0.97 0./15 0.52 
(Ar Illnde ra ted & LCl (). HO D.H.') 0.37 0,1,5 
scavC!lIged) 0.78 0.8/, n.37 0,1,7 
0.70 0.73 0./12 0.5l, 
0.62 0.63 0,1,2 0.55 
0.56 0.52 11.50 O.()() 
0.50 0.39 0.53 0.75 
O.l,S 0.26 0.68 D.9l, 
0,1,0 0.09 0.89 1.25 
0./11 0.11 o.n 1.3l, 
O. l,l 11. HI 1. 06 l.,lJ3 
T .. "" o .M, O.OS o . 'J l, 1.37 ( Kc mocicrat(-!d & [Cl O.4G 0.16 0.72 1.07 
sc:avt!llgt~d) 0.51 0.32 0.55 0.81. 
0.56 O. [I] 0.51 0.73 
0.61 0.53 0,1,9 0.70 
O. G() 0.63 o J,2 0.59 
0.71 0.72 O. ld 0.:'6 
0.77 0.78 OJ,O 0.50 
0.86 0.88 0.51 O.GO 
'1'+ 11 0.90 0.91 0.96 
. 2 
0.73 O.8R n. ~)8 ( lie moderated & ICl 
scavenged) 0.61 0.8() O.'JG 0.52 0.1l2 0.95 
O. l,l, 0.78 1.01 
0.3l, D.71 0.99 
0.17 0.1.5 1.19 
0.22 0.57 1.07 
O.ll, O.2H l.77 
0.15 O.3~ l.l,7 
0.15 0.35 1:1,7 
'1'+11 1.03 0.90 0.92 2 0.93 O.8S O. Sfj (A" IlIorlera ted 
" 
LCl 0.82 o.n 0.93 
sea velll3ecJ) 0.56 OJ,7 1.3() 
0.70 0,(,(, 1.11 
0.63 0.58 1.01 
0.49 0.33 IJ,O 
0.43 0.1'1 2.04 
o .MI O. ()(, 2.85 
o .l'l 0.12 2.1H 
0.l,2 0.12 2,l,0 
OJ,l 0.12 2.3/, 
'1'+11 0.96 0.8(, 0.98 2 0.87 0.7R 0.99 ( K.: mode rated & lCl 
scavellged) 0.73 0.61. 1.10 0.6(, 0.5(; 1. 2l, 
0.61 O. l,7 1.29 
0.52 0.29 l.S0 
OJ,9 0.21 1.90 
0.4l, 0.08 2.82 
O. l,S O.ll 2.57 
O.LIS 0.11 2.9l, 
0.L.5 0.11 2.fi6 
Syscem 
(He mod"rated & lel 
scavenged) 
T+1l 2 
(Ar mooler:tted & ICl 
scavenecd) 
T+D 2 
(Kc moderated & lel 
scavenged) 
.'. a. = f a +0-['cnc. reac. 
areac . H2 = 1.08 
O2 = 0.92 
HO = 1.00 
"1D2 
0.95 (1:1 mix)= 
')nool • lie = 0.10 
Ar = 0.38 
Kr. = 0,l,2 
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a [la (al OP '111' (al OP. DT 
0.85 1.OR 0.7f) 
0.71 1..05 0.82 
0.55 1.00 0.82 
0,1,3 ().9t, 0.79 
0.38 0.89 0.82 
0.31 0.83 0.82 
0.23 0.Ci7 0.88 
0.16 O.l,l, l.V, 
0.1.2 n.28 1.50 
O.RH 1.01, 0.83 
0.7(, O.~, 2 0.87 
O. (;8 n.Hl 0.85 
O. CiO n.m 0.92 
o. ,S() 0.511 0.9R 
O.~l Cl. t,{, 1.15 
O,l,7 0.3/, 1.53 
O.l~ 2 O.lS 1.5R 
O.l,l 0.13 1.'10 
0.80 0.94 0.89 
0.73 0.81, 0.89 
0.67 0.75 0.96 
o. S() 0.51 1.10 
0.52 0.39 1. 26 
0.49 0.30 1.5R 
0.47 0.21 1.98 
o .l15 0.15 2.07 
o .l,l, O.Oll 2.l,0 
f )a 
reac mod. 
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APPENDIX VI 
COMPARISON OF EXPERIMENTAL AND NUMERICAL 
VALUES 
(total product ~ields vis HT/DT ratios) 
SYSTEM EXPERIMENTAL THEORETICAL 
with without 
coll.diss.function coll.diss.function 
P. total PHT/PDT P.total PHT/PDT P.total PHT/PDT 
T + HD + He 0.88+.10 0.86+.05 0.81+.08 0.83+.08 0.88 0.95 
(ICl scavenger) 0.73+.09 0.90+.05 0.81+.08 0.84+.08 0.88 0.87 
0.87+.10 0.89+.05 0.82+.08 0.86+.09 0.91 0.94 
0.83+.10 0.89+.05 0.79+.08 0.83+.08 0.84 0.93 
0.75+.09 0.90+.05 0.76+.08 0.84+.08 0.84 0.93 
0.71+.08 0.88+.05 0.72+.07 0.82+.08 0.81 0.90 
0.48+.06 0.90+.05 0.51+.05 0.81+.08 0.61 0.85 
0.40+.05 0.94+.05 0.34+.03 0.80~.08 0.44 0.83 
0.59+.07 0.87+.05 0.65+.06 0.83+.08 0.78 0.89 
0.41+.05 0.84+.05 0.40+.04 0.80+.08 0.47 0.84 
0.42+.05 0.94+.05 0.38+.04 0.80+.08 0.40 0.79 
-'- ~': ,', ,': .. 'r: ... 'r: 
T + HD + Ar 0.94+.11 0.86+.05 0.83+.08 0.83+:08 0.89 0.92 
(lCl scavenger) 0.71+.08 0.82+.05 0.80+.08 0.83+.08 0.87 0.92 
0.71+.08 0.79+.05 0.79+.08 0.84+.08 0.86 0.90 
0.70+.-8 0.77+.05 0.73+.07 0.83+.08 0.82 0.95 
0.61+.07 0.77+.05 0.67+.07 0.81+.08 0.72 0.90 
0.60+.07 0.75+.05 0.60+.06 0.79+.08 0.67 0.85 
0.50+.06 0.71+.04 0.48+.05 0.79+ .08 0.58 0.84 
0.42+.05 . 0.72+.04 0.36+.04 0.80+.08 0.43 0.85 
0.19+.02 0.71+.04 0.14+.01 0.77+.08 0.12 0.95 
0.26+.03 0.72+.04 0.18+.02 0.76+.08 0.20 0.64 
0.25+.03 0.74+.04 0.16+.02 0.81+.08 0.18 0.89 
~'; ~~ ~'; -.~. ~': ;'r: 
T+HD+Kr 0.18+.02 0.68+.04 0.11+.01 0.77+.08 0.16 0.77 
(lCl scavenger) 0.29+.03 0.68+.04 0.25+.02 0.77+.08 0.28 0.82 
0.44+.05 0.65+.04 0.39+.04 0.76+.08 0.55 0.84 
0.53+.06 0.69+.04 0.52+.05 0.78+.08 0.63 0.84 
0.63+.08 0.70+.04 0.62+.06 0.80+.08 0.71 0.85 
0.64+.08 0.72+.04 0.68+.07 0.80+.08 0.78 0.87 
0.71+.09 0.76+.05 0.71+.07 0.82+.08 0.78 0.88 
0.70+.08 0.79+.05 0.75+.07 0.83+.08 0.82 0.87 
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SYSTEM EXPERIMENTAL THEORETICAL 
with without 
coll.diss.function cOll.diss.function 
P. total PHT/PDT P.total P HT/Por P.total PHT/PDT 
T+HD+Kr 0.98+.12 0.86+.05 0.78+.08 0.84+.08 0.87 0.93 
(rCl scavenger) 
-.': 1: .. ': .. t, .... , ,', 
T + H2D2+ He 0.97+.12 1. 08+.06 0.85+.08 1.25+.12 0.90 1. 28 
( 1:1 mix _ 0.90+.11 1.21+.07 0.85+.08 1. 22+.12 0.90 1. 28 
ICl scavenger) 0.88+.10 1.19+.07 0.82+.08 1. 21+.12 0.87 1. 28 
0.79+.09 1.14+.07 0.81+.08 1. 22+.12 0.87 1.26 
0.80+.10 1.13+ .07 0.79+.08 1. 22+.1.2 0.85 1.26 
0.75+.09 1.10+.07 0.77+.08 1.18+.12 0.84 1.24 
0.63+.08 1. 01+ .06 0.70+.07 1.16+.1.2 0.78 1. 24 
0.48+.06 1.03+.06 0.55+.06 1.15+.12 0.66 1.22 
0.43+.05 1. 03+.06 0.45+.05 1.15+.12 0.56 1.20 
0.44+.05 1.05+.06 0.45+.05 1.19+.12 0.53 1. 20 
0.41+.05 1. 01+.06 0.36+.04 1.17+.12 0.44 1.17 
-.': .': ,', .,', 
... '. 1: 
T + H2D2+ Ar 
0 .• 94+.11 1.1{;+.07 0.85+.08 1. 21+.12 0.90 1.31 
\..) -
( 1·:1 mix, 0.78+.09 1. 20+ .07 0.83+.08 1.21+.12 0.88 1.26 
ICl scavenger) 0.68+.08 1.17+.07 0.76+.08 1.21+.12 0.85 1. 25 
0.62+.07 1.11+.07 0.70+.07 1.18+.12 0.79 1. 23 
0.57+.06 1.09+.06. 0.67+.07 1.18+.12 0.76 1.19 
0.51+.06 1.09+.06 0.55+.06 1.11+.11 0.62 1.20 
0.43+.05 1.08+.06 0.44+.04 1.15+.12 0.54 1.22 
0.35+.04 1.06+.06 0.29+.03 1. 13+. II 0.35 1.14 
0.25+.03 1.07+.06 0.20+.02 1.09+ .ll 0.25 1.16 
0.25+.03. 1.04+.06 0.20+.02 1.09+ .ll 0.26 1.14 
0.17+.02 1.06+.06 0.18+.02 1. 09+. II 0.17 1.13 
-.', . :: 
.' . 
... to -.': ... ': 
T + H2D2+ Kr 0.92+.11 1.15+.07 0.84+.08 1.24+.12 0.88 1.30 
( 1.1 mix. 0.74+.09 1.12+.07 0.81+.08 1.22+.12 0.86 1.30 
Ie1 scavenger) 0.66+.08 1.08+.07 0.74+ .07 1.17+.12 0.82 1.24 
0.57+.07 1.03+.06 0.72+.07 1.19+.12 0.78 1.21 
0.58+.07 1.01+.06 0.65+.06 1.18+.12 0.72 1.20 
0.53+.06 0.93+.06 0.54+.05 1.16+.12 0.61 1.17 
0.24+.03 0.85+.05 0.49+.05 1.14+ .ll 0.22 1.14 
0.45+.05 0.96+.06 0.33+.03 1.16+.12 0.49 1.19 
0.38+.05 0.96+.06 0.25+.02 1.13+ .ll 0.36 1.19 
0.25+.03 0.94+.06 0.13+.01 1. 08+. II 0.23 1.14 
0.23+.03 0.98+.06 0.06+.006 1.14+.11 0.25 1.16 
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SYSTEM EXPERIMENTAL THEORETICAL 
with without 
coll.diss.function coll.diss.function 
P.total PHT/PDT P.total PHT/PDT P.total PHT/PDT 
T + Hl2+ He 0.71+.08 1.12+.07 0.85+.08 1.23+.12 0.90 1.34 
(Br 2 scavenger) 0.72+.09 1. 35+.08 0.83+.08 1.23+.12 0.87 1.33 
0.71+.08 1.14+ .07 0.82+.08 1.20+.12 0.87 1.35 
0.78+.09 1.15+ .07 0.83+.08 1.21+.12 0.86 1.32 
0.76+.09 1.13+ .07 0.82+.08 1. 23+.12 0.87 1.32 
0.65+.08 1.14+.07 0.80+.08 1.21+.12 0.85 1.28 
0.68+.08 1.12+.07 0.78+.08 1. 20'" .12 0.84 1.31 
0.58+.07 1.06+.06 0.71+.07 1.22+.12 0.80 1.29 
0.59+.07 1.02+.06 0.66+.07 1.17+.12 0.73 1. 26 
0.49+.06 1.00+.06 0.54+.05 1.19+.12 0.65 1.22 
0.41+.05 0.98+.06 0.39+.04 1.15+.11 0.46 1.17 
0.32+.04 1.01+.06 
"i': .'. ";", ,', .... , 
* 
T. + H2D2 + Ar 0.89+.11 1.31+.08 0.85+.08 1. 23+.12 0.90 1.31 
CBr 2 scavenger) 0.71+.08 1.19+.07 0.83+.08 1.22+.12 0.89 1.30 
0.67.+.08 1.13+.07 0.79+.08 1.20+.12 0.86 1.28 
0.67+.08 1.13+.07 0.67+.07 1.18+:12 0.75 1.17 
0.61+.07 1.08+.07 0.66+.07 1.15+ .11 0.70 1.19 
0.55+.07 1.06+.07 0.55+.05 1.16+.12 0.63 1.20 
0.41+.05 1.12+.07 0.37+.04 1.14+.11 0.44 1.13 
0.33+.04 1.12+.07 0.23+.02 1.13+.11 0.27 1.15 
0.19+.02 1.10+.07 0.110+.01 1.16+.12 0.15 1.11 
-.'r . '. -:: -: . . '. -1 • 
T + H2D2+ Kr 0.74+.09' 1.16+ .07 0.84+.08 1.24+.12 0.91 1.32 
(Br 2 scavenger) 0.68+.08 1.15+.07 0.81+.08 1. 22+.12 0.87 1.30 
0.61+.07 1.03+.06 0.74+.07 1.17+.12 0.84 1.25 
0.62+.07 1.09+.06 0.72+.07 1.19+.12 0.78 1.23 
0.56+.07 1.10+ .07. 0.65+.06 1.18+.12 0.77 1.22 
0.47+.06 1.05+.06 0.54+.05 1.16+.12 0.61 1.19 
0.47+.06 1.09+.06 0.49+.05 1.14+.11 0.58 1.18 
0.40+.05 1.04+ .06 0.33+.03 1.16+.12 0.42 1.17 
0.33+.04 1.09+.06 0.25+.02 1.13+.11 0.32 1.16 
0.19+.02 1.06+ .06 o .13~.Ol 1.08+ .11 0.15 1.09 
0.10+.01 1.08+.06 0.06+.01 1.14+.11 0.07 1.13 
-R1-
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